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SECTION  1 
INTRODUCTION 


Reasonably  accurate  prediction  of  the  infrared  environment  following 
atmospheric  nuclear  bursts  is  necessary  for  a  realistic  assessment  of  its 
impact  on  the  performance  of  defensive  infrared  systems.  Such  prediction 
entails  a  knowledge  of  various  quantities  including  the  principal  radiating 
species,  their  optical  properties,  excitation  and  quenching  mechanisms, 
disturbed  air  chemistry,  and  bomb  phenomenology.  In  most  instances,  not 
all  of  the  quantities  are  known  with  sufficient  accuracy  to  provide  an 
adequate  representation  of  the  infrared  environment.  This  report,  along 
with  an  earlier  companion  volume  (Reference  1-1),  attempts  to  pinpoint  the 
major  uncertainties  associated  with  our  infrared  prediction  capability  in 
a  nuclear  environment  and  to  make  recommendations  for  a  research  effort 
designed  to  improve  the  prediction  accuracy.  Reference  1-1  dealt  with  the 
shorter-wave  infrared  region  from  about  2  to  5  ym.  This  report  deals  with 
the  long-wave  infrared  (LIVIR)  region  at  wavelengths  greater  than  about  S  or 
6  ym. 

LIVIR  sensor  systems  are  valuable  for  use  in  detection  and  tracking 
of  relatively  cold  objects  whose  thermal  emission  peaks  at  wavelengths  in 
the  LIVIR  region.  Sight  paths  that  intersect  the  earth's  surface,  or  nearly  so, 
will  tend  to  be  avoided  by  such  systems  so  that  the  signal  from  the  tracked 
object  will  not  be  obscured  by  the  large  earth-background  emission.  Thus, 
viewing  aspects  will  lie  upward- look i ng  or,  at  worst,  1 i mh-viewi ng  with  the 
sight  path  nadir  at  .a  high  enough  altitude  to  sufficiently  reduce  the  limb 
radi ance. 
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In  the  work  reported  here,  we  have  attempted  to  determine  how 
window  regions*  in  the  ambient  atmosphere,  under  limb-viewing  conditions, 
are  modified  in  a  nuclear  environment.  The  extent  to  which  a  species  is 
excited  to  radiate  and  fill  a  window  region  is  taken  as  a  measure  of  the 
importance  of  that  species  under  nuclear-burst  conditions.  Uncertainties 
in  the  radiating  properties  (including  excitation/deexcitation  mechanisms, 
etc.)  of  the  most  important  of  the  species  are  identified  so  that  a  priori¬ 
tized  listing  of  needed  research  items  can  be  delineated.  Uncertainties 
arising  from  inadequate  knowledge  of  nuclear-burst  phenomenology,  however, 
which  in  some  cases  may  overshadow  those  associated  with  the  chemical/optical 
phenomena,  generally  lie  outside  the  scope  of  the  present  effort.  The  one 
exception  is  the  case  of  metal  oxides  where  differences  arising  from  different 
models  of  debris  deposition  are  considered. 

The  procedure  adopted  was  to  first  identify  those  molecular  species 
known  to  radiate  in  the  LWIR  region.  Next  we  estimated  the  limb-viewing 
window  regions  existing  in  the  ambient  atmosphere  at  limb  altitudes  between 
60  and  200  km  as  determined  from  high-latitude  rocket  field  data,  from 
published  calculations  of  earth-limb  radiance,  and  from  our  own  calculations 
of  ambient  chemiluminescent  processes.  We  then  utilized  results  of  prior 
MHO/chemistry  code  runs  for  high-yield,  high-altitude  bursts  to  estimate 
the  burst  effects  in  the  windows  from  each  of  the  species  of  potential 
importance  above  60  km.  Included  in  these  considerations  are  limb-radiance 
effects  from  plasma  in  high-altitude  fireball  plumes.  These  results  were 
then  used  as  a  yardstick  to  measure  the  relative  importance  of  the  various 
species  and  mechanisms  expected  to  contribute  to  the  LWIR  nuclear  environ¬ 
ment,  and  to  formulate  a  priority  listing  of  needed  data  to  upgrade  our 
prediction  capacility. 


*  A  window  region  is  defined  in  terms  of  a  threshold  radiance  such  that 
the  radiance  is  less  than  the  threshold  at  all  wavelengths  in  the  window. 
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Section  2  presents  the  results  of  our  survey  to  identify  the 
potentially  important  LWIR  molecular  emitters  and  wavelength  bands,  and 
provides  a  graphical  estimate  of  the  ambient  limb  windows. 

Section  3  contains  our  work  on  the  determination  of  limb  radiances 
in  a  nuclear  environment  and  assessment  of  the  principal  emitters  and  un¬ 
certainties  associated  with  prediction  of  the  radiation.  Included  for  con¬ 
sideration  are  the  species  0^,  NO^,  N^O,  C0?,  and  metal  oxides,  with  emphasis 
on  their  LWIR  emission  following  a  megaton-class  high-altitude  burst.  Speci¬ 
fically  treated  are  chemi luminescence  from  0  and  N07,  photon  excitation  of 

3  3 

N.,0  formed  by  reaction  between  N^(A  I)  and  0^,  C0o  vibraluminescence ,  and 
photon  excitation  of  metal  oxides.  Special  attention  is  paid  to  oxides  of 
aluminum,  uranium,  and  fission  fragments.  Results  of  MICE-Code  calculations 
are  used  to  estimate  the  vertical  distribution  of  the  oxides  and  to  determine 
the  resulting  limb  radiances.  Also  included  is  a  comparison  between  the 
molecular  emissions  and  plasma  radiation  from  the  fireball  plume.  Uncer¬ 
tainties  in  key  quantities  needed  for  calculation  of  the  radiation  from  each 
species,  along  with  required  work  to  reduce  them,  are  identified  in  the 
appropriate  subsections. 

Finally,  Section  4  gives  a  summary  of  our  findings  and  presents 
an  overall  priority  listing  of  recommended  field,  laboratory,  and  theoretical 
research  programs  needed  to  upgrade  our  modeling  capability  for  the  LWIR. 
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SECTION  2 


SPECIES  IDENTIFICATION 
AND  AMBIENT  LIMB  WINDOWS 


SPECIES  IDENTIFICATION 

The  species  of  potential  importance  in  the  l.lv'IR  can  he  divided 
into  two  classes:  (1)  those  that  exist  in  the  ambient  atmosphere  and, 

(2)  those  that  are  formed  following  a  nuclear  detonation.  Table  2-1  is  a 
listing,  in  order  of  increasing  wavelength,  of  LtVIR  bands,  the  transitions 
that  give  rise  to  them,  and  the  associated  species.  Also  shown  (Column  d) 
is  the  type  of  each  species,  i.e.,  whether  it  exists  in  the  ambient  atmosphere 
or  is  formed  from  the  bomb  material,  the  fission  fragments,  weapon  carrier, 
etc.  The  last  column  in  Table  2-1  shows  the  approximate  altitude  region 
where  the  species  may  be  important*  in  the  1 imb-viowing  mode  in  the  ambient 
or  nuclear  environment  as  inferred  from  work  to  be  described  later. 

The  listing  of  metal  oxides  in  Table  2-1  is  not  necessarily  very 
complete,  particularly  those  of  the  fission  fragments  and  their  ions  whose 
spectroscopic  properties  are  generally  not  well  known.  Furthermore,  the 
precise  altitude  region  over  which  certain  of  the  species  could  be  important 
is  rather  uncertain,  especially  for  the  metal  oxides,  although  the  last 
column  in  Table  2-1  is  an  attempt  to  provide  realistic  estimates  that  may 
be  valid  at  various  times  following  a  high-yield  burst  at  altitudes  above 
100  km.  For  0-region  bursts,  the  upper  limit  on  altitude  for  the  metal 
oxides  will  be  determined  by  the  fireball  stabilization  altitude  which  will 


*  based  on  a  threshold  radiance  of  10 
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ster 
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Table  2-1  (continued).  Some  LWIR  bands  and  radiators  of  potential  importance 

in  a  nuclear  environment. 


Band  Center 

(urn) 

Transition 

Species 

Species  Type 

Altitude  (h) 

(km) 

12.0 

100-000 

UO* 

bomb  material 

120^5^  450* 

12.?** 

1-0 

PrOf 

fission  fragment 

130  -h-  275* 

12.4 

1-0 

La0+ 

fission  fragment 

1 30  ^  h  -  775* 

13.1 

N  out  of  plane 

iino3 

ambient 

<  60 

13.3 

010-000 

no2 

ambient 

<  125 

14.2 

010-000 

°3 

ambient 

<  100 

15.0 

010-000 

C02 

ambient 

<  120 

15.5 

N0?  valence  bend 

HN03 

ambient 

£  60 

17.0 

010-000 

N2°, 

ambient 

<  1 70* 

17.3 

0N0  bend 

hmo3 

ambient 

£  60 

rotational 

«20 

ambi ent 

<  100 

*  Very  tentative 

**  Based  on  fundamental  of  the  neutral  oxide 
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be  considerably  less  than  the  upper  limits  shown  in  Table  2-1.  Other 
potential  LWIR  emitters  in  a  nuclear  environment,  such  as  vaporized  rocket 
fuel,  have  been  omitted  from  consideration  here  due  to  a  lack  of  time. 

AMBIENT  LIMB  WINDOWS 

In  this  report,  limb  windows  are  defined  as  wavelength  regions 

-ID  -9  -2 

over  which  the  earth's  limb  radiance  is  less  than  10  or  10  '  watts  cm 
ster  1  pm  *.  Results  will  be  presented  for  each  of  these  two  thresholds. 
Figures  2-1  and  2-2  are  graphical  estimates  of  the  limb-window  regions  in 
the  ambient  atmosphere  under  night  and  day  conditions,  respectively,  for 
a  radiance  threshold  of  10  10  and  for  altitudes  between  60  and  200  km. 

The  ordinate  in  these  figures  is  the  tangent  altitude,  or  distance  of  closest 
approach  to  the  earth’s  surface,  of  the  viewing  sight  path.  The  abscissa 
is  the  wavelength  of  the  earth-limb  radiation.  The  cross-hatched  areas  are 
altitude-wavelength  regions  for  which  the  limb  radiance  exceeds  10  10  watts 

-7  - 1  .  i 

cm  ster  pm  .  All  non-hatched  areas  are  window  regions.  Thus,  for 
example,  the  figures  show  that  at  an  altitude  of  65  km  the  limb  radiance 
exceeds  10  both  day  and  night,  for  all  wavelengths  from  2.5  pm  to 
at  least  25  pm.  That  is,  no  window  region  exists  at  that  altitude.  On  the 
other  hand,  for  an  altitude  of  140  km  at  night,  the  only  wavelength  regions 
that  are  not  windows  occur  in  a  narrow  band  near  4.5  pm  (due  to  CO,,  emission), 
a  band  from  5  to  6  pm  (due  mainly  to  NO  emission),  and  one  from  about  14.5 

to  15.0  pm  (due  to  C0_  emission).  Figures  2-5  and  2-4  are  corresponding 

Z  -9 

representations  of  the  window  regions  for  a  1 imb-threshold  radiance  of  10  '  . 

Figures  2-1  to  2-4  are  essentially  "low  resolution"  representations 
of  the  window  regions.  This  is  especially  true  of  the  wavelength  region 
beyond  about  19  pm  where  the  emission  arises  mainly  from  rotational  lines 
of  water  vapor  and  where  narrow  windows  actually  exist  between  the  lines 
but  are  not  shown  in  our  figures.  However,  since  any  system  operating  in 
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Wavelength  {(mi) 

Window  regions^ (clear)  for  limb-viewing  geometry  where  ambient  background 


Figure  2-2.  Window  regions  (clear)  for  limb-viewing  geometry  where  ambient  background 
radiance  <  ICHO  watts  cm-2  ster-1  ym-i  in  day. 


Wavelength  (pm) 

Window  regions  (clear)  for  limb-viewing  geometry  where  ambient  background 


Figure  2-4.  Window  regions  (clear)  for  limb-viewing  geometry  where  ambient  background 
radiance  <  10-9  watts  cm~2  ster~'  ym"l  in  day. 


tluit  spectral  region  is  likely  to  be  rather  broad  band,  so  as  to  maximize  the 
detected  signal,  the  existence  of  these  narrow  windows  is  not  important  for 
our  purpose. 

The  bases  for  Figures  2-1  through  2-4  arc  the  following:  (1)  the 
Pegges  high-altitude  infrared-radiance  model  for  1974  (Reference  2-11  and 
for  1977  (Reference  2-21,  (2)  earth-limb  data  from  the  SPIRT,  experiment 
(References  2-3,  2-4)  and,  (31  calculations  by  us  of  the  ambient  limb 
radiance  from  0„  and  NO.,  chemi 1 umi nesencc.  The  model  by  Pegges  includes  the 
species  C07,  11,0,  NO,  and  0,  and  assumes  excitation  by  photon  scatter  as 
well  as  by  thermal  collisions.  Other  nonthermal  excitation  processes,  such 
as  chemiluminescence,  arc  not  included.  The  1977  model  (Reference  2-21  was 
utilized  except  for  the  case  of  water  vapor  where  the  197-1  model  results 
were  employed.  The  1977  model  assumes  an  li.,0  profile  above  100  km  that  is 
believed  to  be  too  large.  SPIRT  data  was  used  mainly  to  modify  the  CO., 
and  0^  peaks  calculated  by  Pegges. 

The  0-.  and  NO.,  chemiluminescence  models  arc  described  in  Appendices 
A  and  B,  respectively.  The  calculated  effect  they  have  in  filling  window 
regions  is  indicated  in  Figures  2-1  through  2-4.*  The  combined  effect  is 
particularly  significant  for  the  wavelength  regions  h.5  to  9.5  urn,  10.5  to 
15.5  pm  and  17  to  19  pm,  with  the  result  that  there  is  effectively  no  10  1(1 
limb  window  in  the  ambient  atmosphere  below  100- km  altitude  over  the  wave¬ 
length  region  from  2.5  to  about  IS  pm. 

We  should  emphasize  that  these  results  (Figures  2-1  to  2-4)  are 
estimates  for  which  there  arc  as  yet  only  limited  field  data  to  substantiate 
them.  Nevertheless,  we  feel  that  they  are  sufficiently  good  to  provide  a 
framework  within  which  to  judge  the  relative  importance  of  the  different 

For  computing  the  ambient  chemi luminescent  emissions,  the  o,  and  '4  con¬ 
centrations  were  obtained  from  the  1972  C1RA  Mean  Atmosphere  (Reference  '-51, 
the  day  and  night  0  concentrations  from  Reference  2-n,  and  the  day  and  night 
NO  concentrations  from  Reference  2-2. 
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I.WIR  emitting  species  and  mechanisms  in  a  nuclear  environment  and  to  permit 
a  determination  of  the  areas  of  major  uncertainty  in  our  prediction  capability. 
In  later  sections  of  this  report,  our  estimates  of  the  nuclear- i nduced  emissions 
will  be  overlaid  on  these  ambient  results  so  as  to  determine  the  extent  to 
which  the  ambient  windows  are  filled  in. 

Indicated  near  the  top  of  Figures  2-1  through  2-4  are  the  principal 
species  responsible  for  radiation  in  the  various  spectral  regions  under 
thermal  excitation  conditions  in  the  ambient  atmosphere.  These  have  been 
determined  largely  from  Reference  2-7.  Also  shown  at  the  top  of  the  figures 
is  the  approximate  spectral  region  over  which  the  fundamentals  of  the  fission- 
fragment  oxides  should  occur  in  a  nuclear  environment.  Near  the  bottom  of 
each  figure  is  shown  the  positions  of  the  band  centers  for  other  species  that 
may  be  formed,  or  excited  to  radiate,  in  a  nuclear  environment  including 
NO, ,  HO,,  and  certain  metal  oxides.  However,  the  oxides  of  some  of  the 
metals  shown,  especially  Li,  AH,  Cu,  and  Fe  arc  presently  believed  to  he 
formed  (by  a  high-altitude  burst)  in  concentrations  too  low  to  present  a 
problem  to  systems. 


SECTION  3 

LIMB  RADIANCE  IN  NUCLEAR  ENVIRONMENT 


As  we  have  seen  in  the  previous  section,  there  is  essentially  no 
10  limb  window  below  100  km  in  the  ambient  atmosphere  at  IR  wavelengths 
out  to  about  18  ym.  Consequently,  it  seems  unlikely  that  LWIR  systems 
would  operate  in  the  limb  mode  at  altitudes  below  100  km.  We  are  interested, 
therefore,  in  determining  how  window  regions  at  altitudes  above  100  km  may 
be  adversely  effected  by  a  nuclear  environment. 

Although  bursts  at  altitudes  below  100  km  can  rise  and  perturb 
the  atmosphere  above  100  km,  the  greatest  potential  for  large  scale  excita¬ 
tion  of  IR  radiation  above  100  km  occurs  for  large-vield  bursts  at  altitudes 
considerably  above  100  km.  For  this  reason  we  have  concentrated  our  efforts 
on  megaton-class  high-altitude  bursts.  Specifically,  we  have  utilized 
results  of  prior  MHD/chemistry  code  calculations,  performed  at  MRC  for  such 
bursts,  to  determine  the  limb  radiance  based  on  models  of  emission  that 
reflect  our  current  understanding  of  the  species  and  radiation  mechanisms. 
Treated  here  in  some  detail  are  the  species  0^,  N0?,  No0,  CO^  and  metal 
oxides,  as  well  as  radiation  by  free  electrons  in  the  high-altitude  fireball 
plume.  We  now  consider  separately  each  of  the  foregoing  species. 

OZONE  (03) 

Role  in  Nuclear  Environment 

With  its  three  fundamentals  in  the  LWIR  region,  as  well  as  some 
weaker  intercombination  bands,  ozone  is  an  important  minor  constituent  of 
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As  detailed  in  Appendix  A,  and  illustrated  in  Section  2,  however, 
chemi luminescent  excitation  of  0 ^  by  the  reaction 

0  +  02  +  M  — ►  03  +  M  (3-1) 

serves  to  excite  the  higher-lying  vibrational  states  of  0,  and  to  thus  broaden 
the  thermal  spectral  bands  and  narrow  the  window  regions.  But,  as  seen  from 
Figures  2-1  through  2-4,  the  ozone  contribution  to  the  ambient  limb  radiance 
is  effective  mainly  at  altitudes  below  about  100  km. 


In  a  nuclear  environment  there  is  the  potential  for  raising  the 
ozone  limb  by  upward  heave  of  the  atmosphere  following  a  high-altitude 
detonation.  We  have  investigated  the  magnitude  of  this  effect  for  a  single 
megaton-class,  high-altitude  burst  by  utilizing  previous  MHO/ chemi strv  code 
runs,  and  incorporating  the  spectral  efficiency  for  ozone  chemiluminescence 
as  described  in  Appendix  A.  Figures  3-1  and  3-2  show  the  maximum  perturbation, 
which  occurs  under  nighttime  conditions.  These  figures  arc  representations 

-10  -  w 

of  the  10  and  10  '  window  regions,  respectively,  and  include  the  effect 

of  the  ambient  radiance  (compare  Figures  2-1  and  2-3)  as  well  as  burst- 

induced  0  chemiluminescence.  As  can  be  seen  from  Figure  3-1,  the  burst 

_  10 

serves  to  modify  the  10  window  region  near  19. S  ym,  but  only  over  a  small 

wavelength  interval,  and  only  at  altitudes  below  about  90  km.  The  effect 
-9 

on  the  10  '  window  regions  (Figure  3-2)  is  seen  to  be  somewhat  greater  by 
raising  the  limb  altitude  in  the  wavelength  intervals  o  to  7  ym,  8  to  13.5  ym , 


Figure  3-1.  Effect  on  ambient  nighttime  limb-window  radiance  (10  watts 
cm-2  ster-^  um-^)  of  ozone  chemiluminescence  induced  by 
megaton-class  high-altitude  burst  at  60  sec. 


burst- i nduced 
0«  cherai .  (60  sec 


Wavelength  (jim) 

Figure  3-2.  Effect  on  ambient  nighttime  limb-window  radiance  (10"9  watts 
cm'?  ster-l  urn-')  of  ozone  chemiluminescence  induced  by 
megaton-class  high-altitude  burst  at  60  sec. 
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and  17  to  19.5  pm.  However,  in  each  of  these  regions,  the  limb  is  raised 
to  altitudes  below  100  km.  For  daytime  conditions,  modification  of  the 
ambient  window  regions  (Figures  2-2  and  2-4),  due  to  burst- induced  0  chemi¬ 
luminescence,  is  entirely  negligible. 

The  conclusion  then  is  that  a  single  high-yield,  high  altitude  burst 
should  do  little  to  enhance  the  LWIR  radiation  from  ozone,  over  and  above 
the  contribution  due  to  CL  chemiluminescence  in  the  ambient  atmosphere. 

The  effect  on  LWIR  systems  operating  at  altitudes  above  1 1>0  km  should  be 
negligible.  It  is,  of  course,  conceivable  that  more  severe  effects  from 
ozone  may  occur  in  a  multiburst  environment,  but  this  has  yet  to  be 
demonstrated. 

Uncertainties 

The  principal  uncertainties  involved  in  predicting  the  chemi¬ 
luminescent  emission  from  ozone  in  a  nuclear  environment  are:  (1)  the 
spectral  yield  of  photons  per  reaction  from  Reaction  3-1,  (2)  the  species 
concentrations  involved  in  React. on  3-1,  and  (3)  the  bomb  phenomenology 
relating  to  energy  deposition  and  subsequent  motion  of  the  perturbed 
atmosphere.  However,  if  burst-induced  ozone  chemi luminescence  were  to 
raise  the  earth  limb  to  altitudes  above  110  to  120  km,  as  would  probably  be 
necessary  for  there  to  be  any  systems  impact,  the  implication  would  be  that 
our  calculated  intensities  are  low  by  as  much  as  two  orders  of  magnitude. 

It  is  very  unlikely  that  uncertainties  (1)  and  (2)  above  can  lead  to  such 
large  errors  in  the  computed  intensity.  The  photon  efficiency,  as  described 
in  Appendix  A,  is  based  on  energy  conservation  and  on  certain  laboratory 
data,  albeit  incomplete  at  this  time.  Likewise,  the  chemistry  contained  in 
the  code  computations  of  species  concentrations  is  based  largely  on  measured 
rate  coefficients.  Uncertainty  (3),  however,  related  to  bomb  phenomenology, 
cannot  be  ruled  out  as  a  possible  source  of  substantial  error. 
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Recommendations 


No  experimental  work  on  ozone  is  recommended  at  this  time  beyond 
the  efforts  already  underway.  However,  multiburst  calculations  should 
probably  be  done  to  establish  whether  or  not  ozone  emission  is  ever  important 
in  tlie  l.WIR  at  altitudes  above  about  120  km.  If  the  results  are  positive, 
further  field  and/or  laboratory  work  might  be  in  order  to  refine  the  chemi¬ 
luminescent  yield  and  spectral  distribution. 

NITROGEN  DIOXIDE  (N0£) 

Role  in  Nuclear  Environment 

Nitrogen  dioxide,  with  its  V^,  v^,  and  fundamentals  at  7.6, 
13.3,  and  6.2  ym,  respectively,  is  a  very  minor  constituent  of  the  ambient 
atmosphere,  having  a  mixing  ratio  of  only  about  10  1  in  and  below  the  D 
region,  and  probably  less  at  higher  altitudes  due  to  its  rapid  rate  (5x  10 
molecule  1  sec  *)  of  photodissociation  by  day.  Thus,  thermal  and  photon 
scatter  excitation  of  the  species  results  in  negligible  emission  in  the 
ambient  atmosphere,  especially  above  100-km  altitude.  The  potential 
importance  of  the  species  in  a  nuclear  environment,  however,  lies  in  the 
possibility  of  chemiluminescent  excitation  of  its  bands,  particularly  through 
the  reactions 


NO  +  0(+M)  — ►  N02(+M)  +  3.12  eV  (3-2) 

NO  +  03  — ►  N02  +  02  +  2.07  eV  (3-3) 

where  the  concentration  of  the  reactant  NO  may  be  considerably  enhanced. 
Reactions  3-2  and  3-3  are  sufficiently  exothermic  to  permit  the  population 
of  high  vibrational  states  of  the  fundamental  and  intercombination  bands  of 
N02  and  to  broaden  the  spectrum  considerably  beyond  that  due  to  thermal 
excitation  alone.  The  assumed  spectral  distribution  arising  from  NO,, 
chemiluminescence  is  described  in  Appendix  B  and  includes  contributions  from 
nine  intercombination  bands  as  well  as  the  three  fundamentals. 
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This  spectral  distribution  has  been  incorporated  with  results  from 

prior  MHD/chemi stry  code  calculations  at  MRC  for  the  case  of  a  megaton-class, 

high-altitude  burst  to  obtain  tlie  limb  radiance  as  a  function  of  tangent 

altitude  and  wavelength  at  a  time  of  60  sec  after  burst.  The  results,  for 
-  K)  _o 

the  cases  of  10  and  10  '  limb-threshold  radiances  at  night,  are  shown  in 
figures  5-3  and  3-4,  respectively,  superimposed  on  the  previously -shown 
results  (Figures  2-1  and  2-5]  for  the  ambient  atmosphere.  We  see,  for  example, 
that  the  10  limb  is  raised  by  about  20  km  in  the  spectral  regions  6.5  to 
9  pm  and  12  to  13.5  pm  to  peak  altitudes  of  about  130  km  and  125  km,  respec¬ 
tively.  As  comparison  between  figures  3-1  and  3-3  shows,  our  estimate  of 
the  nuclear-burst  enhancement  of  NO.,  chemiluminescence  is  considerably 
greater  than  that  for  0^  chemiluminescence.  This  is  because  of  the  enhanced 
NO  concentration,  even  at  higher  altitudes,  which  serves  to  increase  the 
rate  of  NO.,  formation  through  Reactions  3-2  and  5-5. 

The  conclusion  then  is  that,  to  within  the  uncertainties  present 
in  the  model  adopted,  a  single  high-yield,  high-altitude  burst  can  probably 
raise  the  earth  limb  enough  to  cause  potential  interference  with  I. KIR 
systems  operating  in  certain  spectral  regions,  particularly  in  the  6.5  to 
8.5  pm  and  12  to  14  pm  bands ,  at  tangent  altitudes  below  about  155  km.  The 
severity  of  the  interference  will  be  critically  dependent  on  the  degree 
and  nature  of  any  structure  that  exists  within  the  emitting  volume. 

Uncertainties 

The  principal  uncertainties  involved  in  predicting  the  effect  of 
NO,  chemiluminescence  in  a  nuclear  environment  are  similar  in  nature  to  those 
listed  above  for  ozone  chemiluminescence,  namely:  (ll  the  spectral  yield  of 
photons  per  reaction  from  Reactions  3-2  and  3-5,  (21  the  species  concentra¬ 
tions  involved  in  Reactions  3-2  and  3-3,  and  (3]  bomb  phenomenology  relating 
to  the  dynamics  of  the  post-burst  environment. 
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The  spectral  yield  of  photons  in  the  various  LWIR  bands  of  NO^ 
from  Reactions  3-2  and  3-3  has  not  been  measured.  The  yield  values  that  we 
have  adopted,  as  discussed  in  Appendix  B,  are  those  used  in  the  WOE  code 
and  are  based  on  the  usual  assumptions  of  energy  conservation  and  equal 
population  rates  of  vibrational  states  during  formation  of  NO^.  Thus,  there 
is  considerable  uncertainty  regarding  the  spectral  yield,  possibly  by  as  much 
as  an  order  of  magnitude  at  certain  wavelengths. 

As  to  the  species  concentrations  involved  in  Reactions  3-2  and 

3-3,  perhaps  the  largest  uncertainty  (outside  of  the  bomb  phenomenology 

pertaining  to  atmospheric  heave)  relates  to  the  NO  concentration  whose 

determination  is  rather  sensitively  dependent  on  the  relative  amounts  of 
a  a  4 

N(~n),  N(~P),  and  N(  S)  that  are  formed  following  a  nuclear  burst  (see,  for 

example.  Reference  1-1).  Order-of-magnituJe  uncertainties  in  the  predicted 

NO  concentration  ar  elated  to  relatively  small  uncertainties  »•;  the  ratio 

of  metastable  to  ground-state  nitrogen  atoms  formed  both  initially  and  by  N0 

’  1 

recombination.  Formation  rates  of  NO,  N(~P),  and  N(  S)  bv  the  reaction 
N?(A^£)  +0->-N0+N  arc  also  very  uncertain. 

Recommendations 

In  view  of  the  potential  for  degradation  of  1.K1R  systems  from  N07 
chemiluminescence  following  high  altitude  detonations,  it  is  recommended 
that  measurements  be  made  to  determine: 

1.  the  spectral  yield  of  photons  from  Reactions  3-2  and  3-3, 
together  with  sufficient  data  to  permit  a  determination  of 
the  effect  due  to  quenching. 

4  ?  "> 

2.  branching  ratios  for  production  of  N(  S) ,  N(“P),  and  N(  P) 
atoms  (a)  by  dissociative  recombination  in  N*  and,  (b) 
immediately  following  deposition  by  fast  (keV)  electrons. 


31 


3. 


?  4 

rate  constants  for  production  of  NO,  N(“D),  and  N(  S)  by  the 
reaction  N^CA^E)  +  0-*-  NO  +  N. 

Recommendations  2  and  3  above  were  included  in  the  (revised)  list  of  recom¬ 
mendations  contained  in  Reference  1-1. 

NITROUS  OXIDE  (Np0) 

Role  in  Nuclear  Environment 

Nitrous  oxide,  with  its  v7,  and  fundamentals  at  7.8,  17.0, 
and  4.5  pm,  respectively,  is  a  very  minor  constituent  of  the  ambient  atmo¬ 
sphere,  with  a  measured  mixing  ratio  that  decreases  with  increasing  altitude 

-7  -7 

from  a  value  of  about  3x  10  at  10  km  to  lx  io  at  30  km.  The  potential 
importance  of  the  species  in  a  nuclear  environment  lies  in  the  possible 
degradation  of  LWIR  windows  by  excitation  of  its  and  v7  bands,  and  of 
enhanced  background  radiation  from  its  band  which  lies  in  the  red-spike 
region  of  the  v ^  fundamental  of  C07.  As  discussed  in  Reference  1-1,  until 
recently  the  species  has  not  been  considered  very  interesting  from  the  nuclear 
IR  point  of  view  for  several  reasons.  With  a  dissociation  (+  activation) 
energy  of  just  over  2  eV,  it  is  destroyed  at  relatively  low  temperatures  in 
fireballs,  and  so  thermal  emission  from  it  is  quite  low.  Outside  fireballs, 
the  principal  formation  mechanism  has  been  considered  to  be  the  reaction 

N  +  N02  — ►  N20  +  0  (3-4) 

where  the  N02  is  formed  mainly  from  reaction  of  NO  with  odd  oxygen.  However, 
by  the  time  N07  has  formed,  most  of  the  nitrogen  atoms  have  been  consumed 
to  form  NO  by  reaction  with  the  much  more  abundant  07. 

Recently,  however,  it  has  been  found  (Reference  3-1)  that  No0  is 
formed  quite  efficiently  by  the  reaction 

N7(A3E)  +  07  — ►  N70  +  0  +  2.73  eV  (3-5) 
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3 

involving  the  first  metastable  state  of  N^.  Since  N?(A  Z)  has  a  lifetime 
against  radiation  of  about  2  sec,  and  since  it  is  believed  to  be  formed 
copiously  (up  to  about  one  molecule  per  ion  pair)  in  a  nuclear  environment. 
Reaction  3-5  would  appear  to  provide  a  mechanism  for  N90  formation,  even  at 
high  altitudes,  at  least  where  the  09  is  not  dissociated.  Further  evidence 
of  this  possibility  comes  from  LABCFDF.  experiments  (Reference  3-2)  in  which 
IR  radiation  from  N?0  was  detected  following  electron  bombardment  of  air  at 
moderately  high  pressures.  These  data  could  not  be  accounted  for  on  the 
basis  of  Reaction  3-4,  but  were  found  to  be  more  consistent  with  N90  forma¬ 
tion  by  Reaction  3-5. 

In  Reference  1-1,  we  implied  that  since  the  lifetime  of  N9(A)  is 
only  about  2  sec,  Reaction  3-5  can  be  significant  for  N^O  radiation  only  in 
regions  where  there  exists  a  continuing  production  source  for  N0(A).  This 
statement  is  true  for  N^O  chemiluminescence,  but  it  ignores  the  possibility 
of  continuing  excitation  of  the  N?0,  formed  in  Reaction  3-5,  by  photon 
scatter.  IVc  have  investigated  the  magnitude  of  this  effect  for  the  case  of 
a  single  megaton-class  high-altitude  burst ,  using  results  of  Ml  ID  code  calcu¬ 
lations  of  the  initial  electron  density  distribution,  to  estimate  tiie  volume 
production  of  N9(A)  molecules.  In  so  doing,  it  was  assumed  that  one  N_,(A) 
molecule  is  formed  per  initial  ion  pair,  a  value  that  is  within  a  factor  of 
about  3  of  most  estimates  to  date.  Estimates  of  the  N70  concentration  were 
then  made  by  assuming  that  N?(A)  is  quenched  mainly  by  reaction  with  09  and 
0  and  by  radiation  of  the  Vegard-Kap lan  bands.*  Thus,  given  the  reaction 
set : 

3  k  l 

N,(AZ)  +  07  — — ►  N90  +  0  (3-5) 

3 

N9(A  Z)  +  0^  — — ►  other  products  (3-6) 

3  k3 

N9(A  Z)  +  0  - ►  products  (3-7) 

N2(A3Z)  — —  ►  N?  +  hv (V- K  bands),  (3-8) 

*  The  quenching  of  N9(A)  by  NO  and  N  can  also  be  significant  in  regions 
where  the  concentration  of  those  species  is  comparable  to  that  for 
atomic  oxygen. 
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where  A  is  the  Einstein  transition  rate  for  the  A3E-+X*£  transition  in 
N7>  the  concentration  of  N20,  relative  to  N?(A3£),  is  easily  shown  to  be 


[N20] 


[N2(A)J  (k1+k2)[02]  +k3[0]  +  A  j 


kx [02]  /  -[(k]+k2)f02]  +  k3fO]  +  Alt  j 

rr\  i  T  rni  1  \  1  “  C 


(3-9) 


where  k  ,  k7,  and  k^  are  rate  coefficients  for  Reactions  3-5,  3-6,  and 
3-7,  respecti vely .  The  maximum  value  for  this  ratio  is,  therefore, 


I  tN2°]  ; 

j[N2(A)]' 


kj[o2] 


max 


(kj+k2)[02l  +  k3fO]  +  A 


(3-10) 


The  earth-limb  spectral  intensity,  I  ,  for  an  N70  column  density 

-2  v 
N  molecules  cm  ,  excited  by  photon  scatter,  is 

I\)  =  ^irr  fvN  (ergs  cm  "  sec  1  ster  ^  (cm  ^ ^ )  (3-11) 

where  hv  is  the  photon  energy  (ergs)  and  f  is  the  number  of  photons 
emitted  per  molecule  per  sec  per  wavenumber.  Tn  other  units,  the  result  is 

I,  =  1.58 x  10  20(f  /A  ) N  (watts  cm  2  ster  1  pm  (3-12) 

ajj  Ap  U 

where  A  is  the  wavelength  in  micrometers,  and  f\  is  the  number  of 
U  Ap 

photons  emitted  per  molecule  per  sec  per  micrometer. 


The  limb  intensity  for  each  of  the  three  fundamentals  of  N70  has 
been  determined  from  Equation  3-12  using  values  for  f^  computed  for 
earthshine  scatter,  described  in  Appendix  C,  and  values  of  N,  based  on 
Equation  3-10,  determined  from  the  MHP-code  results  of  electron  density 
(=[N7(A)])  at  a  time  of  3  sec.  In  performing  these  calculations,  the 
values  for  [N9(A)]  were  assumed  equal  to  the  electron  density,  except  in 
(^-dissociated  regions  where  they  were  taken  to  be  zero.  Three  separate 
estimates  of  the  N70  concentration  were  made  corresponding  to  different 
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values  for  the  rate  coefficients  k^,  k,,,  k^,  and  the  common  value  A=0.5 

sec  *  (Reference  2-6).  The  first  estimate  was  an  attempt  to  see  if  N.,0 

emission  might  be  important,  by  using  the  values  kj  =  1  x  10  **,  k  =k3  =  0, 

which  should  lead  to  upper  limits  on  the  N70  concentration.  The  results, 

-10  -9 

for  the  cases  of  10  and  10  ‘  limb-threshold  radiances  at  night,  are  shown 

in  Figures  3-5  and  3-6,  respectively,  superimposed  on  the  previously-shown 

results  (Figures  2-1  and  2-3)  for  the  ambient  atmosphere.  The  effect  is 

seen  to  be  quite  dramatic,  particularly  on  the  10  10  window  regions  (Figure 

3-5)  near  4.5  pm,  and  from  about  7.4  to  8.4  pm  and  16  to  18  pm  where  the 

limb  is  raised  to  altitudes  above  180  km.  However,  these  results  are 

probably  unrealistically  high  because  the  value  used  for  kj  is  larger 

than  any  quoted  recently  and  because  the  quenching  of  N2(A3X)  by  atomic 

oxygen  (rate  coefficient  k^)  has  been  neglected.  Values  of  k.  ranging  from 

2 x  10  11  to  1 . 3 x  10  with  a  mean  value  of  7.5  *  10  11  cm3  sec  have 

been  inferred  from  auroral  measurements  (Reference  3-3).  Using  this  mean 

-12  -1? 

value  for  k3>  together  with  the  values  kj  =  1 *  10  ,  k? =  2  *  10  (Refer¬ 

ences  2-6,  3-4,  3-5)*,  we  find  that  Equations  3-10  and  3-12  lead  to  values 
for  the  limb  radiance  that  are  <10  10  watts  cm  2  ster  1  pm  1  at  all  alti¬ 
tudes.  Thus,  the  ambient  window  regions  shown  in  Figures  3-5  and  3-6  would 
be  unaffected  by  the  ^0  emission. 

- 1 2  - 1 

As  a  third  estimate,  we  used  the  values  k  =  2  *  10  ,  k?  =  4  *  10 

- 1 1  *  i 

and  k3=2x10  .  These  values  are  still  within  the  uncertainty  limits  of 

each  of  the  rate  coefficients.  The  results  are  shown  in  Figures  3-5  and 

3-6.  As  expected,  the  window  regions  are  less  severely  affected  than  they 

are  in  the  upper- limit  case  where  N^(A)  quenching  by  atomic  oxygen  is 

neglected.  For  the  10  ^  window  regions  (Figure  3-5)  the  limb  is  raised 

to  about  130  km  between  16.5  and  17.5  pm,  to  about  190  km  between  7.6  and 

*  Reference  3-4  gives  results  for  quenching  of  ^(A'^X)  in  various  vibra¬ 
tional  states.  The  value  adopted  here  for  k]  +  k2  is  an  average  for 
the  v=0  state  of  results  obtained  by  different  experimenters. 
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Estimated  effect  on  ambient  nighttime  limb-wi 
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7.9  pm,  and  to  about  167  km  near  4.5  um.  The  10  window  regions  (Figure 
3-6)  are  unaffected  by  N^O  emission  except  in  a  wavelength  band  near  7.7  pm 
at  altitudes  between  about  115  and  155  km. 

The  results  shown  in  Figures  3-5  and  3-6  pertain  to  a  time  of  3  sec 
after  burst.  Subsequently,  there  should  be  some  change  in  them  because  of 
the  initial  upward  motion  that  will  tend  to  heave  the  N^O  to  higher  altitudes 
for  at  least  the  first  5  minutes  and,  later,  because  of  the  downward  motion 
as  the  air  falls  back  under  the  influence  of  gravity.  Thus,  for  at  least 
5  minutes  the  earth  limb  may  well  be  raised  to  altitudes  higher  than  that 
shown  in  Figures  3-5  and  3-6.  We  have  not  had  time  to  pursue  this  point. 
Nevertheless,  the  results  at  the  early  time  shown  should  serve  to  point  up 
the  potential  importance  of  N20  in  a  nuclear  environment. 

The  conclusion  then  is,  that  to  within  the  considerable  uncertain¬ 
ties  currently  present,  a  single  high-yield,  high-altitude  burst  can  possibly 
produce  enough  ^0  to  cause  potential  interference  with  LtVIR  systems  operating 
in  spectral  regions  near  4.5  pm,  7.6  to  8  pm,  and  16.5  to  17.5  pm.  The 
severity  of  the  interference  will  again  be  very  dependent  on  the  nature  and 
degree  of  any  structure  in  the  emitting  volume. 

During  daylight  hours  one  might  expect  additional  excitation  of 
the  N20  bands  by  the  solar  pumping  mechanism.*  However,  N^O  does  not  absorb 
in  the  visible  spectral  region  and  most  UV  absorption  appears  to  result  in 
photodissociation  of  the  molecule  (References  3-6  and  3-7)  except,  possibly 

O 

in  the  far  UV  (X^1500A)  where  the  solar  flux  is  not  inte  se.  It  therefore 
appears  that  the  solar-pumping  mechanism  is  ineffective  in  exciting  the  IR 
bands  of  N.,0,  although  a  definitive  conclusion  on  this  must  await  a  more 
critical  review  of  the  N^O  literature. 

*  This  is  the  process  whereby  the  molecule  is  first  raised  to  an  electron¬ 
ically  excited  (discrete)  state  by  absorption  of  a  visible/UV  photon  and 
then,  following  radiative  cascade,  is  generally  left  in  a  vibrational ly 
excited  state  of  the  ground  electronic  state. 
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Uncertainties 


Apart  from  uncertainties  in  the  bomb  phenomenology  relating  to  the 

dynamics  of  the  post-burst  environment,  the  principal  uncertainties  involved 

in  a  prediction  of  the  N70  radiation  in  a  nuclear  environment  are:  (1)  the 

^  3 

rate  constant  for  quenching  N7(A  El  by  atomic  oxygen,  (21  the  rate  constant 

L. 

for  N^O  formation  by  Reaction  3-5,  arid  (3)  the  spectral  yield  of  photons 
arising  from  photon-scatter  excitation  of  N^O,  especially  by  sunlight.  Of 
lesser  uncertainty  is,  (4)  the  number  of  N7(A"^E)  molecules  formed  per  initial 
ion  pair. 


Probably  the  fastest  collisional  quenching  of  N0(A)  is  by  atomic 
oxygen.  As  mentioned  above,  measurements  on  the  Vegard-Kaplan  bands  in  the 
aurora  (Reference  3-3)  can  be  accounted  for  on  the  basis  of  a  quenching 
coefficient,  k^,  ranging  from  about  2  *  10  11  to  1.3*  10  cm"'  sec  1 .  As 
we  have  seen,  values  for  k^  as  large  as  7.5  x  10  appear  to  produce  suffi¬ 
ciently  fast  quenching  of  N7(A)  to  effectively  eliminate  N,0  as  an  important 
radiator  in  a  nuclear  environment.  On  the  other  hand,  a  value  of  2 x  10  11 
seems  to  permit  sufficient  N70  formation  to  make  it  a  potential  systems 
threat.  Therefore,  the  degree  of  importance  of  N70  in  a  nuclear  environment 
depends  critically  on  a  better  knowledge  of  the  rate  coefficient  k,. 

In  Appendix  C  we  treat  the  case  of  excitation  of  N 70  by  earthshine 
scatter.  The  basic  ingredients  involved  are  the  vibrational  f  numbers  for 
the  fundamental  bands  of  N?0  and  the  spectral  flux  of  earthshine  photons, 
all  of  which  are  reasonably  well  known.  As  for  solar  scatter,  excitation  of 
N'70  by  the  UV  (or  visible  light)-pumping  mechanism  has  not  been  treated  in 
detail,  and  so  at  present  the  rate  is  very  uncertain.  However,  as  mentioned 
above,  the  rate  is  probably  small  because  N70  docs  not  appear  to  possess  the 
necessary  absorption  bands  in  the  visible  or  UV  regions,  although  this  needs 
to  be  con f i rmed . 
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ome  uncertainty  exists  in  the  number  of  N.,(A molecules  formed 

per  ion  pair  from  electron  impact  due  to  uncertainties  in  the  excitation 

S  3  3 

cross  sections  for  formation  of  the  A' E  state,  as  well  as  the  B  n,  C  n,  and 
W^A  states  that  lead  to  the  A state  by  radiative  cascade.  However, 
uncertainties  in  the  individual  cross  sections  appear  to  he  relatively  small 
(±25  percent)  because  of  recent  improvements  in  experimental  techniques 
(Reference  3-8).  As  far  as  we  know,  no  studies  have  been  made  to  determine 
the  overall  uncertainty  in  the  number  of  N1(A'Z)  molecules  formed  following, 
radiative  cascade. 

Recommendations 

To  permit  a  definitive  conclusion  regarding  the  possible  degrada¬ 
tion  of  both  Mh'IR  and  1,1V  1R  systems  in  a  nuclear  environment  from  N.,0  radiation, 
the  following  work  is  recommended: 

1.  Laboratory  measurements  to  determine  the  rate  coefficient 
for  quenching  of  X„(Y'Z)  by  atomic  oxygen. 

2.  Laboratory  measurements  to  determine,  more  accurately,  the 
rate  coefficient  for  formation  of  N-,0  by  the  reaction 
N,(A''Z)  +  0,-*  N,0  +  0. 

3.  Calculation  of  the  excitation  rate  of  the  N-,0  fundamentals 
by  sunlight  pumping. 

1.  Sensitivity  calculations  to  determine  the  uncertainty  in  the 

number  of  N_,(A  ±)  molecules  formed  per  ion  pair,  from  electron 
bombardment,  by  utilizing  the  best  current  upper  and  lower 
limits  on  excitation  cross  sections  for  the  relevant  states  of 
of  N  ? ,  including  A  ,  B’^IT,  C'^TT,  IV^A. 


40 


CARBON  DIOXIDE  (C02) 

Role  in  Nuclear  Environment 

Carbon  dioxide  is  an  important  infrared  radiator  in  the  ambi ent 
atmosphere  with  its  fundamental,  intercombination,  and  hot  bands  prominent 
in  the  SWIR,  MIVIR,  and  l.WlR  regions.  for  example,  its  v,  fundamental  at 

*■'  _  *7 

15  pm  has  a  measured  limb  radiance  at  100-km  altitude  of  about  5*  10 

- 1  - 1  _  i 

watts  cm  “  ster  pm  (Reference  5-9).  The  potential  importance  of  the 
species  in  a  nuclear  environment  lies  in  the  fact  that  N,(v=I),  which  is 
initially  the  sink  for  about  5  percent  of  the  X-ray  energy  released  from  a 
high-altitude  nuclear  burst,  can  readily  transfer  this  energy  to  CO,  which 
can  then  radiate  it  over  a  long  period  of  time  by  the  v_  fundamental  at 
4.5  pm  and  by  other  bands  at  longer  wavelengths. 

In  the  past  few  years  a  lot  of  effort  has  gone  into  modeling  this 
emission,  particularly  for  the  v.  band,  although  considerable  attention 
has  recently  been  given  to  the  longer  wavelength  bands  as  well.  Refine¬ 
ments  have  been  added  to  the  theory  to  allow  for  radiation  trapping  of  the 
4.2b-pm  resonance  radiation  below  about  100  km,  for  emission  by  the  so-called 
weak  isotopic  and  hot  bands,  and  for  fluorescence  resulting  from  absorption 
by  CO.,  of  sunlight  and  bomb  light  at  2.7  pm  with  subsequent  reradiation  in 
other  hands,  especially  those  near  4.5  Mm  (see,  for  example,  References  5-10 
to  5-14).  The  basic  theory  of  CO,  v i bra  1 umi nescence  near  1.5  pm  has  been 
substantially  verified  by  the  ICF.CAl’  auroral  measurements. 

For  our  purpose  of  estimating  the  relative  importance  of  1  .IV 1 R 
vi bra  luminescence  of  CO,  in  a  nuclear  environment  above  100-km  altitude,  it 
is  not  necessary  to  invoke  all  the  refinements  in  theory  referred  to  above, 
but  rather  to  consider  the  basic  mechanism  of  vibrational  energy  transfer 
from  N ,  to  the  001  vibrational  state  of  the  major  isotope  of  CO,  according 
to  the  reaction 

N,(v=l)  +  CO, (000)  N,(v=0)  +  CO, (001)  (5-15) 
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In  Appendix  D  we  describe  the  simple  model  used  to  compute  the  subsequent 
radiative  cascade  from  the  001  state  to  lower  vibrational  states  of  CO^  with 
emission  in  bands  near  4.3,  9.4,  10.4,  13.9,  15.0,  and  16.2  pm.  The  spectral 
distribution  for  each  of  these  bands  was  adopted  from  the  WOE  code. 

The  model  in  Appendix  D  was  applied  in  estimating  the  limb  radiance 

from  CO.,  vibraluminescence  following  a  megaton-class  high-altitude  burst  by 

utilizing  values  for  [N?(v=l)],  [C0?] ,  and  temperature  determined  from 

prior  MHD/chemistry  code  calculations.  The  results,  for  a  time  of  60  sec 
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after  burst,  and  for  the  cases  of  10  and  10  ‘  limb-threshold  radiances 
at  night,  are  shown  in  Figures  3-7  and  3-8,  respectively,  along  with  the 
previously- shown  ambient  results  for  comparison.  In  both  cases  we  see  that, 
except  for  the  4.3-pm  band  where  the  earth  limb  is  raised  to  over  200-km 
altitude,  the  effect  in  the  LWIR  is  relatively  small.  In  rather  narrow 
spectral  regions  near  9.3  pm  band  10.4  pm,  the  limb  is  raised,  by  about 
20  km,  to  an  altitude  of  about  125  km.  Near  13.5  pm,  it  is  raised  by  about 
10  km  to  an  altitude  of  120  km.* 

In  these  calculations,  the  spectral  yield  of  photons  adopted  was 
based  on  an  atmospheric  temperature  of  300  °K.  The  actual  temperature 
exceeded  this  at  various  points  along  the  sight  paths  so  that  the  vibra- 
luminescent  contribution  should  be  a  little  broader  in  wavelength  than  that 
shown  in  Figures  3-7  and  3-8  and  would  not  extend  quite  so  high  in  altitude. 
Nevertheless,  the  conclusion  would  remain  essentially  the  same.  This  is, 
that  a  single  high-yield,  high-altitude  burst  should  not  produce  sufficient 
CO^  vibraluminescence  to  seriously  degrade  the  LWIR  window  regions, 
especially  at  limb  altitudes  above  about  125  km. 


*  The  SPIRE  data  (Reference  3-9)  indicates  that  the  cross-hatched  areas 
in  Figures  3-7  and  3-8  (corresponding  to  regions  where  the  ambient  limb 
radiance  exceeds  10~if)  and  10-9J  respectively)  should  be  a  little 
broader  near  14  pm  at  tangent  altitudes  from  100  to  120  km  than  that 
shown  in  these  figures.  Thus,  the  burst- i nduced  vi bral umi nescence  near 
13.5  pm  may  be  almost  obscured  by  the  ambient  emission. 
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Uncertainties 


In  our  estimation,  the  major  uncertainties  associated  with  a 
determination  of  the  nuclear- induced  UVIR  vi hral umi nesccnce  from  C07  are 
related  to  bomb  phenomenology,  particularly  to  the  dynamics  of  the  disturbed 
region  and  its  temperature  distribution.  Apart  from  these,  there  arc,  of 
course,  other  uncertainties  relating  to  the  actual  mechanisms  of  energy 
transfer  from  N0  to  CO,,,  to  the  internal  redistribution  of  this  energy  among 
the  many  vibrational  states  of  C07,  and  to  quenching  rates  for  the  various 
states.  Although  the  rate  coefficient  for  Reaction  3-13  is  well  known,  as 
are  also  most  of  the  F.instein  transition  rates  necessary  for  calculating 
the  branching  ratios  in  the  radiative  cascade  to  lower  states,  the  rate  of 
energy  transfer  from  N  7 ( v>  1  j  to  higher  vibrational  states  of  C07  is  not  well 
known.  However,  this  is  probably  not  a  serious  limitation,  except  possibly 
in  a  multiburst  environment,  because  after  a  short  period  of  time  following 
a  burst  most  of  the  v> 1  states  of  N should  end  up  in  the  v-1  state, 
bv  resonance  exchange  with  N_,  molecules  m  the  ground  vibrational  state, 
where  they  can  then  transfer  their  energy  to  C07  by  Reaction  3-13. 

fli veil  that  the  hydrodynamics  and  chemistry  involved  in  the  calcu¬ 
lations  leading  to  the  results  presented  in  Figures  3- "  and  3-8  is  rcasonahl) 
correct,  we  believe  that  the  other  uncertainties  referred  to  above  are  not 
sufficiently  great  to  substantially  alter  the  UVIR  results  and  conclusions, 
at  least  for  the  case  of  a  single  high-altitude  burst.  There  has  not  been 
sufficient  time  to  consider  possible  modifications  in  the  case  of  a  multi¬ 
burst  envi romnent . 

Recommendati ons 

In  Reference  1-1  a  recommendation  was  made  for  laboratory  experi¬ 
ments  to  measure,  simultaneously,  the  spectral  intensity  of  C0_,  v  i  bra  1  nm  i  li¬ 
es  c  en  ce  near  2.7  and  4.3  pm.  IVe  believe  that,  for  the  S1VIR,  this  is  still 
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an  important  experiment  to  perform.  For  the  LWIR,  however,  no  experimental 
work  is  recommended  at  this  time. 

We  do  recommend  that  further  code  work  and/or  analytical  studies 
be  carried  out  to  determine  if  CO^  vibraluminescence  (LWIR)  plays  a  more 
significant  role  in  a  multiburst  environment  than  it  appears  to  do  in  the 
single-burst  case.  Depending  on  the  outcome  of  such  studies,  further  con¬ 
sideration  might  then  be  given  to  the  need  for  specific  experimental  work. 

METAL  OXIDES 

Role  in  Nuclear  Environment 

Oxides  formed  from  metallic  or  other  weapon  debris  atoms  have 
long  been  considered  a  potential  threat  to  LWIR  systems  operating  in  a 
nuclear  environment  because  most,  if  not  all,  of  their  fundamental  bands 
lie  in  the  LWIR  region.  Considerable  work,  both  laboratory  and  theoretical, 
has  been  done  over  the  past  decade  to  determine  the  basic  parameters  needed 
to  formulate  good  predictive  models  for  this  radiation.  Much  has  been  learned, 
but  there  are  still  many  unknowns.  Before  attempting  to  pinpoint  which, 
if  any,  of  the  unknowns  are  crucial,  however,  a  fundamental  question  to 
answer  is  this.  In  view  of  the  fact  that  LWIR  systems  will  probably  operate 
at  tangent  altitudes  greater  than  about  120  km  (to  avoid  the  ambient  earth- 
limb  obscuration)  and  since  much  of  the  weapon  debris  from  a  high-altitude 
burst  is  believed  to  be  deposited  below  120  km,  is  the  depth  of  the  region 
above  120  km  in  which  systems  may  be  adversely  affected  sufficiently  great 
to  worry  about?  This  is  one  of  the  main  questions  addressed  in  this 
subsection. 

The  metal  species  of  potential  importance  in  a  nuclear  environment 
have  been  reviewed  by  Gilmore  (Reference  3-15).  The  dominant  ones  cited  arc 
aluminum  and  uranium.  Many  of  the  metals,  including  Fe,  Li,  Ni ,  Cu,  and  Mg, 
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do  not  react  strongly  with  0^  to  form  oxides  because  the  reactions  are 
endothermic.  Thus,  the  concentrations  of  their  oxides,  following  a  high- 
altitude  burst,  should  be  sufficiently  small  to  cause  negligible  inter¬ 
ference  with  LWIR  systems.  In  addition  to  aluminum  and  uranium,  we  will 
also  consider  oxide  formation  by  certain  fission  fragments  whose  collective 
concentration  may  be  nearly  as  great  as  that  of  uranium. 

Aluminum  (A£) .  Aluminum  oxide  can  be  formed  by  the  reaction 

AH  +  02  — ►  AHO  +  0  .  (3-14) 

However,  aluminum,  like  the  other  metallic  species,  will  be  fully  ionized 
initially.  For  Reaction  3-14  to  proceed,  AH+  must  first  be  neutralized. 

This  can  be  accomplished  through  radiative-col lisional  recombination  with 
free  electrons,  but  the  process  is  very  slow,  requiring  several  hours.  A 
possible  alternative  that  we  considered  involves  the  formation  of  \H0+  by 
the  reaction 

AH+(3P°)  +  09  — ►  AH0+(X3E)  +  0(3P)  +  1.2  eV  (3-15) 

followed  by  dissociative  recombination  of  AH0+  with  electrons: 

A£0+  +  e  — *•  A£  +  0  .  (3-16) 

Here,  AH+(3P°)  is  the  lowest  triplet  state  of  AH+.  It  is  metastable  and  has 
sufficient  energy  (4.65  cV)  to  make  Reaction  3-15  exothermic.  The  difficulty 
with  this  scheme,  however,  is  that  AH0+  can  also  be  destroyed  by  reaction 
with  atomic  oxygen: 

AH0+  +  0  — *>  A£+  +  09  (3-17) 

which  has  a  rate  coefficient  (unmeasured)  that  is  probably  on  the  order  of 

10  ^  cm3  sec  Thus,  given  a  rate  coefficient  for  Reaction  5-16  of  about 
-  7  3  - 1 

4*  10  cm'  sec  ,  Reaction  3-17  will  dominate  Reaction  3-10  when 

[0 1  z:4  x  103  N^,  where  is  the  electron  density.  F.xccpt  within  the 
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fireball  region  (where  AS.0  would  not  be  formed  anyway),  this  condition  is 
generally  satisfied  following  megaton-class  high-altitude  bursts. 

We  conclude  that  MO  formation,  following  a  high-altitude  burst, 
is  probably  insufficient  to  cause  degradation  of  LWIR  systems. 

Uranium  (U)  and  Fission  Fragments  (FF) .  The  situation  with 
respect  to  uranium,  and  at  least  several  of  the  fission  fragments  (including 
Zr,  La,  Sm,  Nd,  Y,  Ce,  Pr)  ,  is  quite  different.  It  is  not  necessary  to  first 
neutralize  the  ions  because  they  can  react  directly  with  09  to  form  oxide 
ions  that  are  very  stable.  For  example,  the  reactions 

U+  +  09  ->  U0+  +  0  +  3.1  eV  (k  «8. 5  x  ]0~ 10)  ]  (3-18) 

U0+  +  02  — ►  UO*  +0  +  2  eV  (k«*2*  Iff9)  (3-19) 

proceed  rapidly  to  form  the  LWIR-emitting  species  U0+  and  U09.  In  fact, 
witli  the  measured  values  for  the  rate  coefficients  shown  above,  most  ll+  ions 
deposited  in  the  ambient  atmosphere  would  be  converted  to  110*  ions  in  less 
than  1  sec  for  altitudes  up  to  170  km,  and  in  less  than  1  minute  for  altitudes 
to  280  km.  Once  formed,  these  ions  should  retain  their  identity  because  their 
dissociation  energy  is  nearly  8  eV.  The  dissociative  recombination  reaction 

UO*  +  e  —►DO  +  0  (3-20) 

is  endothermic  by  2  eV  and  should  be  quite  ineffective  in  destroying  the 
IJO*.  The  same  is  true  for  U0+  ions. 

Once  formed,  the  1)0*  and  II0+  ions  can  be  excited  continuously 
by  earthshine  scatter  at  night  and,  possibly  in  addition,  by  solar  pumping 
by  day. 


Similar  remarks  apply  to  the  above-mentioned  fi ss i on- fragment 
oxides  (for  which  the  dissociation  potential  exceeds  the  ionization  potential). 
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Ke  have  attempted  to  estimate  the  magnitude  of  the  limb  radiance 
from  uranium  and  fission- fragment  oxide  ions  as  a  function  of  altitude  for 
selected  times  following  a  megaton-class  high-altitude  hurst.  Hie  details 
of  this  calculation  are  presented  in  Appendix  F.  In  this  section  we  will 
just  give  a  brief  description  of  the  procedure  adopted  and  a  composite 
picture  of  the  final  results. 


The  daytime  spectral  limb  radiance  is  determined  from  the 

expression 


1.58  x  10 
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(4>  +  <t> .) 
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-1  -K 
ster  pm  ) 

(3-21) 


where  the  integral  represents  the  column  number  density  (molecules  cm  ")  of 
oxide  ions  along  a  detector's  sight  path,  <j>c  and  $  arc  the  rates  of 
photon  emission  per  molecule  by  carthshinc  and  sunlight  scatter,  respectively, 
X  is  the  wavelength  in  micrometers,  and  AA  is  the  effective  bandwidth 

y  y 

over  which  the  radiation  occurs.*  At  nighttime,  *  =0,  Values  of  <ji  and 

<j>  for  uranium  and  fission-fragment  oxide  ions  arc  not  known.  To  be 
s 

explicit,  we  have  assumed  both  of  them  equal  to  0.2,  the  same  as  for  AW 
(see  Appendix  f) . 


Briefly,  the  column  density  of  oxide  ions  along  a  limb  path  was 


estimated  by  considering  the  following  sequence  of  events.  To  begin  with, 

Ti  +  26  M 

we  assume  that  7x  10“  U  ions  and  3V  10  fission  fragment  ions  are 


*  For  uranium  and  fission -fragment  oxide  ions,  the  band  shapes  are  not  well 
known.  For  simplicity,  we  assume  here  that  the  contributing  bands  of 
IJO?  and  U0+  radiate  uniformly  over  the  region  from  10.5  to  12.5  urn 
(AXp =  2)  and  that  the  fi ssi on- fragment  oxide  ions  radiate  uniformly  over 
the  region  from  9.5  to  15.5pm  (AA  =4).  See  also  Appendix  F. 

>7  .  . 

+  These  numbers  are  based  on  2X  li)“  uranium  atoms  present  ini  tinny.. 

Thirtv  percent  of  these  are  assumed  to  fission  leaving  1.-1  *  llb;  ll+  ions 
and  1.2 x  i()2’  fi ss i on- fragment  ions.  Half  of  these  are  lost  in  the  upward 
direction  and  half  are  deposited  in  the  downward  hemisphere.  Fifty  percent 
of  the  fiss i on- fragment  ions  arc  assumed  to  be  of  a  variety  that  can  form 
oxide  ions. 
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ejected  toward  the  downward  hemisphere  w'ith  the  common  velocity  of  2  x  10 
cm  sec  The  component  of  the  velocity  of  these  ions  normal  to  the  earth's 
magnetic  field  pushes  the  field  outward  and  it,  in  turn,  drags  the  air  ions 
with  it.  In  this  manner,  a  considerable  fraction  of  the  initial  debris 
kinetic  energy  is  transferred  to  the  air  ions.  It  is  the  air  ions  that 
ultimately  deposit  most  of  the  original  debris  kinetic  energy.  Following 
the  debris-air  interaction,  the  energy-degraded  debris  ions  will  be  left  with 
a  velocity  distribution.  The  fastest  moving  ions  will  be  deposited  at  the 
lowest  altitude  possible;  the  slower  ones  will  be  deposited  at  higher 
altitudes.  There  will  thus  be  established  an  initial  vertical  distribution 
of  the  debris  ions  that  will  be  dependent  on  their  velocity  distribution 
immediately  following  the  debris-air  interaction.  After  the  air  ions  have 
deposited  their  kinetic  energy,  an  upward  motion  of  the  heated  atmosphere 
will  ensue  which  will  carry  the  debris  ions  with  it  and,  thereby,  alter 
their  vertical  distribution.  Given  the  velocity  distribution  of  the  debris 
ions,  we  can  compute  the  initial  vertical  distribution  of  these  ions.  Given 
a  model  for  the  subsequent  heave,  we  can  then  calculate  the  vertical  distri¬ 
bution  of  the  ions  at  subsequent  times.  If,  additionally,  the  lateral  spread 
of  the  debris  ions  is  known,  the  column  number  density  in  the  horizontal 
direction  can  be  found  as  a  function  of  limb  altitude  and  time  after  burst. 

As  described  in  Appendix  E,  the  lateral  spread  of  the  debris  from 
a  megaton-class  high-altitude  burst  is  taken  to  be  200  km.  Two  initial 
vertical  distributions  of  the  debris  ions  were  calculated.  One  of  them 

_  S 

corresponds  to  a  velocity  distribution  proportional  to  v  “  (Case  lj ;  the 
other  to  a  velocity  distribution  independent  of  v  (Case  2) ,  In  both  cases 
the  subsequent  vertical  distributions  were  determined  from  the  MICE-code 
description  of  the  heave.  In  determining  whether  a  debris  particle  is  an 
oxide  ion  or  an  atomic  ion  we  assume,  because  of  the  large  rates  for 
Reactions  3-18  and  3-19,  that  oxidation  will  occur  where  0„  is  not  dissociated, 
i.e.,  everywhere  outside  the  fireball  plume.  Elsewhere,  the  ions  are  taken 
to  be  atomic. 
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The  calculated  limb  radiance  from  uranium  and  fission- fragment 
oxide  ions  as  a  function  of  tangent  altitude,  and  for  selected  times  after 
burst,  is  shown  in  Appendix  E  for  Cases  1  and  2  (Figures  E-8  to  E-ll  and 
E-13  to  E-16).  Although  the  detailed  shapes  of  the  radiance-altitude  curves 
are  different  for  the  two  cases,  the  altitude  regions  over  which  the  limb 
radiance  exceeds  a  certain  value  (say  10  ^)  are  nearly  the  same  in  both 
cases.  We  conclude  from  this  that  a  determination  of  the  limb-window  regions 
is  not  particularly  sensitive  to  the  assumed  velocity  distribution  of  the 
debris  ions. 

The  detailed  results  presented  in  Appendix  E  have  been  used  to 

show  the  possible  effect  of  uranium  and  fission- fragment  oxide  ions  on  the 

ambient  limb-window  regions.  The  results,  for  tangent  altitudes  to  200  km, 

are  shown  in  Figures  3-9  through  3-12.  Figure  3-11  shows,  for  example,  that 

by  day  the  limb  radiance  from  fiss ion- fragment  oxide  ions  may  exceed  10 
-2  - 1  - 1 

watts  cm  “  ster  pm  (at  certain  times  after  burst)  for  tangent  altitudes 
ranging  from  about  130  km  to  over  200  km  in  a  wavelength  band  extending  from 
about  9.5  to  13.5  pm.*  Also,  Figure  3-11  shows  limb  radiances  from  uranium 
oxide  ions  exceeding  10  at  certain  times,  for  tangent  altitudes  from 
about  120  km  to  over  200  km  in  a  wavelength  band  from  about  10.5  to  12.5  pm. 

Figures  3-13  and  3-14,  respectively,  show  the  effect  on  the  10 

_9 

and  10  ‘  ambient  limb-window  radiances  at  nighttime  from  uranium  and  fission- 
fragment  oxide  ions  as  well  as  the  burst  -  induced  effects  from  the  other 
molecular  species  considered  earlier  in  this  report.  For  the  10  ^  window 
in  particular,  the  potential  effect  of  the  uranium  and  fission-fragment 
oxide  ions  is  seen  to  be  considerable.  The  effect  is  particularly  note¬ 
worthy  in  view  of  the  fact  that  the  oxide  ions  should  be  striated  along  the 
magnetic  field  lines  and  thus  give  rise  to  structured  radiation  in  the  LW1U. 

*  Actually,  according  to  Figures  E-16  and  E-9,  at  a  time  of  210  sec  the 
radiance  from  the  fission-fragment  oxide  ions  and  the  uranium  oxide  ions 
exceeds  10  ^  for  altitudes  to  nearly  300  km  and  500  km,  respectively. 
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cm'2  ster  1  :mrl)  of  earthshine  scatter  from  UO'f  and  U0+  and  from 
fragment  oxides  formed  following  meoaton-class  ifiqh-al  t  i  tude  burst 


ssible  effect  on  ambient  daytime  limb-window  radiance  (10’  u  watts 
i "2  ster-1)  of  solar  and  earthshine  scatter  from  U0$  and  U0+  and  from 
ssion-fragment  oxides  formed  following  megaton-class  high-altitude 
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following  megaton-class  high-altitude  burst. 


igure  3-13.  Estimated  effect  on  ambient  nighttime  limb-window  radiance  (10  w 
cm~2  ster'^  jim"')  from  molecular  radiation  induced  by  megaton-class 
high-altitude  burst. 


re  3-14.  Estimated  effect  on  ambient  nighttime  limb-window  radiance 
(10-9  watts  cm-2  ster_l  um_l)  from  molecular  radiation 
induced  by  megaton-class  high-altitude  burst. 


Uncertainties 


Apart,  again,  from  uncertainties  in  the  phenomenology  relating  to 
debris  deposition  and  atmospheric  heave,  the  major  uncertainties  involved  in 
an  accurate  prediction  of  the  LWIR  emission  from  uranium  and  fission-fragment 
oxide  ions  relate  to  the  spectroscopic  properties  of  the  ions.  To  our 
knowledge,  the  band  strengths  (or  f  numbers)  for  neither  the  vibration- 
rotation  (V-R)  transitions  nor  the  electronic  transitions  are  known  for  any 
of  the  ions.  These  quantities  are  required  for  a  calculation  of  the  IR 
emission  rate  by  earthshine  and  sunlight  absorption.  Our  assumed  values 
for  these  rates,  based  on  the  rates  for  A&0,  could  well  be  in  error  by  at 
least  an  order  of  magnitude.  Furthermore,  the  band  positions  of  the  fission- 
fragment  oxide  ions  are  not  well  known  nor,  indeed,  is  that  of  U0+,  although 
the  positions  of  the  neutral  oxides  are  known  except  for  the  fission  fragments 
Sm  and  Nd.  If  the  LWIR  sensor  is  broad  banded,  then  the  exact  positions  of 
the  oxide  bands  may  not  be  too  important,  but  we  cannot  at  present  be 
assured  of  that. 

Recommendations 

In  view  of  the  potential  importance  of  uranium  and  fission-fragment 
oxide  ions  in  a  nuclear  environment,  we  recommend  that  experiments  be 
performed  to  determine: 

1.  The  absorption  oscillator  strengths  (f  numbers)  for  the 

fundamental  V-R  bands  of  UO*.  U0+,  and  selected  fission- 

fragment  oxide  ions  from  among  the  group:  IrO*.  LaO* ,  SmO* , 

NdO+ ,  Y0+ ,  CeO+,  PrO+  f x  =  1,2). 
x  x  x  x 

2.  The  f  number (s)  for  permitted  electronic  transitions  con¬ 
nected  to  the  ground  state,  for  the  same  species  listed 
under  Item  1  above. 


58 


If  Items  I  and  2  are  performed  successfully,  the  LWIR  excitation 
rates  of  the  species  by  earthshine  and  sunshine  scattering  can  be  computed. 

If  these  rates  turn  out  to  be  sufficiently  small  to  render  the  species 
unimportant  in  a  nuclear  environment,  then  obviously  no  further  work  is 
required.  If,  however,  the  rates  are  comparable  to,  or  greater  than,  those 
for  A&O,  then  we  recommend  further  work  to  determine: 

3.  The  wavelength  positions  of  the  fundamental  V-R  bands  of  U0+ 
and  the  fission- fragment  oxide  ions  listed  in  Item  1  above, 
especially  SmO*  and  NdO*  (x=l,2). 

ELECTRONS  (PLASMA  RADIATION) 

Role  in  Nuclear  Environment 

We  consider  here  the  emission  from  plasma  in  the  plume  of  a  megaton- 
class,  high-altitude  burst.  Included  is  continuum  radiation  resulting  from 
free-free  and  free-bound  collisions  between  electrons  and  ions  as  well  as 
line  radiation  from  bound-bound  transitions  that  may  occur  following  radia¬ 
tive-col  lis  ional  recombination  in  an  0+/N+  plasma.  The  potential  importance 
of  this  radiation  for  an  LWIR  system  is  twofold.  First,  there  is  the 
relatively  large  dimension  of  the  fireball  plume  that  extends  to  altitudes 
of  several  hundred  kilometers.  Second,  there  is  the  fact  that  after  a  few 
tens  of  seconds  the  plasma  will  be  striated  along  the  magnetic  field  lines 
with  the  result  that  the  infrared  radiation  that  arises  will  be  structured. 

Tn  this  section  we  attempt  to  estimate  the  magnitude  and  the  spatial  and 
temporal  extent  of  the  mean  plasma  radiance  by  utilizing  MELT-codc  results 
of  electron  density  and  temperature  in  the  fireball  plume.  These  results 
can  then  be  compared  with  the  results  presented  above  for  molecular  radiation 
so  as  to  establish  the  relative  importance  of  each. 


The  volume  emission  rate  due  to  free- free  (ff)  +  free-bound  (fb) 
collisions  of  electrons  with  ions  can  be  written  as  the  frequency  (v)-inde- 
pendent  expression  (Reference  3-16) 
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Here,  e  and  in  are  the  electron  charge  and  mass,  respectively,  and 
N+  are  the  electron  and  positive  ion  concentrations,  respectively,  T  is 
the  electron  temperature  (°K),  k  is  Boltzmann's  constant,  and  g/g+  is 
the  ratio  of  statistical  weights  of  the  ground  states  of  the  neutral  and 
ion  species.  For  hydrogen- like  ions,  which  we  assume  here,  g/g+ =  2. 
Alternatively,  with  N+  =  Nc,  and  with  a  change  of  units.  Equation  3-22 
becomes 


J  (ff+fb)  =  5.39X10"46  N2T  'I/2 
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Or ,  7  .1/7 
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where  A  is  the  wavelength  in  micrometers. 
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For  the  volume  emission  rate  due  to  bound-bound  (bb)  transitions 
we  have  used  the  approximate  expression  (Reference  3-17) 
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where  a,  the  radi ative-col 1 isional  recombination  coefficient,  is 
determined  by 
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and  T  is  the  neutral  temperature  (°K).  , 

i 


60 


The  maximum  plasma  limb  radiance,  as  a  function  of  tangent  altitude 
for  the  geometrical  arrangement  depicted  in  Figure  3-15,  was  computed  by 
integration  of  the  volume  emission  rate  (determined  from  Equations  3-2*1  and 
3-25)  along  sight  paths  through  the  fireball  plume.  The  results,  for  times 
of  224  and  630  sec,  are  shown  in  Figure  3-16  along  with  corresponding  results 
for  the  ambient  ionosphere.  The  burst-induced  radiance  is  seen  to  decrease 
rather  slowly  with  increasing  tangent  altitude  so  that,  for  example,  even 
at  630  sec,  and  for  wavelengths  up  to  10  pm,  the  limb  radiance  exceeds  10  ' 
for  altitudes  to  at  least  450  km.  However,  it  should  be  pointed  out  that 
we  have  chosen  sight  paths  nearly  parallel  to  the  earth’s  field  so  as  to 
maximize  the  path  lengths  through  the  brightest  part  of  the  plume.  For 
sight  paths  more  normal  to  the  magnetic  field  the  intensity  would  not  be 
so  large. 


Figures  3-17  and  3-18  present  the  results  in  our  "window"  format, 

showing  the  regions  in  altitude-wavelength  space  where  the  limb  radiance 
-10  -9  -  -1  -] 

exceeds  10  and  10  '  watts  cm  ster  pm  ,  respectively.  Included  for 
comparison  in  these  figures  is  the  effect  due  to  ambient  nighttime  molecular 

emission.  Tt  is  clear  that  the  plasma  radiation  can  he  very  effective  in 

wiping  out  the  window  regions,  especially  the  10  window  (Figure  3-17), 
to  high  altitudes.  For  example,  at  a  time  of  224  sec,  the  limb  radiance 
exceeds  10  ^  for  wavelengths  to  12  pm  at  tangent  altitudes  to  500  km,  and 

for  wavelengths  to  26  pm  at  tangent  altitudes  to  200  km.  In  fact,  if  one 
compares  Figures  3-13  and  3-17,  it  appears  that  the  nuclear-induced  plasma 
radiation  can  be  much  more  effective  than  the  nuc lear- induced  molecular 
emissions  in  causing  degradation  of  l.WIR  window  regions,  particularly  10 
(and  smaller)  windows,  for  times  to  several  hundred  seconds  after  the  burst. 
This  point  is  further  amplified  bv  the  fact  that  the  plasma  is  striated, 

unlike  the  molecular  species  (with  the  exception  of  the  uranium  and  fission- 

fragment  oxides),  so  that  the  emission  is  structured  accordingly.  However, 
it  is  not  entirely  fair  to  compare  Figures  3-13  and  3-17  directly  because 
they  refer  to  different  geometrical  arrangements.  Figure  3-13  refers  to  the 
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Tangent  Altitude  (km) 


Figure  3-16.  Calculated  plasma  limb  radiance  ( free- free +  free- bound + 
bound-bound)  from  plume  of  a  megaton-class  high-altitude 
burst  for  sight  paths  similar  to  that  shown  in  Figure  3-15 


( 1 O- • 0  watts  cm-^  ster-'  ym~')  from  plasma  radiation  induced 
by  a  megaton-class  high-altitude  burst. 


radiance  along  tangent  paths  whose  nadir  is  directly  below  the  burst  point. 
Figure  3-17  refers  to  the  radiance  along  tangent  paths  whose  nadir  is  dis¬ 
placed  by  about  4000  km  from  the  sub-burst  point  (as  in  Figure  3-15).  Thus, 
in  the  representation  of  Figure  3-13,  the  plasma  radiance  would  be  negligible 
at  tangent  altitudes  below  about  500  km,  but  would  exceed  1()"10  for  tangent 
altitudes  from  about  600  or  700  km  to  at  least  1500  km  for  times  to  several 
hundred  seconds.  The  molecular  emissions  would  be  important  in  selected 
bands  to  perhaps  200-  or  300-km  altitude  and  the  plasma  radiation  important 
over  a  large  region  above  about  500  km.  There  would  presumably  be  a  "window" 
at  all  wavelengths  in  the  tangent  altitude  region  from  perhaps  300  to  500  km. 

Uncertainties 

Apart  from  uncertainties  related  to  a  determination  of  the  electron 
density  and  temperature  distribution  in  the  fireball  plume,  the  largest 
uncertainty  associated  with  a  prediction  of  the  mean  plasma  radiance  is  in 
the  calculation  of  the  bound-bound  emission.  As  far  as  the  free- free + 
free-bound  continuum  is  concerned,  the  Kramers-Unsold  formula  (Equation  3-22) 
is  on  fairly  solid  theoretical  ground  and  there  is  no  good  reason  to  suspect 
much  error  in  it.  However,  accurate  prediction  of  the  LWTR  bound-bound  line 
emission  requires  good  knowledge  of  the  population  of  energy  levels  near  the 
ionization  limit  of  0  and  N  atoms,  their  energy  separation,  and  transition 
rates  between  the  levels.  None  of  these  quantities  is  known  with  much 
precision.  Theoretical  models  have  been  developed  (References  3-17  to  3 -20) 
to  describe  this  radiation,  but  experimental  data  to  corroborate  them  are 
scarce.  Nevertheless,  since  LW1R  systems  are  likely  to  be  broad  banded 
(to  maximize  the  intensity  of  the  received  signal),  the  exact  positions  of 
the  LWIR  lines  from  recombining  plasma  are  probably  not  critical.  Further¬ 
more,  the  low-resoluti on  formula  3-25  yields  values  for  the  bound-bound 
contribution  that  are  generally  comparable  to  those  from  the  free-free  + 
free-bound  mechanism  over  much  of  the  fireball  plume.  It  is  our  present 
judgement  that  the  best  current  models  (not  necessarily  Equation  5-251  for 


bound-bound  emission,  when  integrated  over  a  band  of  a  few  micrometers  in 
width,  are  probably  good  to  a  factor  of  about  2  or  3. 


Recommendations 

Because  of  the  importance  of  LWIR  plasma  radiation  in  a  high- 
altitude  nuclear  environment,  experimental  verification  of  the  theoretical 
models  is  certainly  desirable.  We  would  assign  medium  priority  to  this 
task,  but  would  downgrade  the  necessity  for  it  if  a  reasonably  inexpensive 
method  of  verification  cannot  be  found. 
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SECTION  4 

SUMMARY  AND  RECOMMENDATIONS 


This  report  attempts  to  provide  a  basis  for  establishing  a  priority 
listing  of  recommended  work  needed  to  improve  our  prediction  capability  for 
LWIR  radiation  in  a  nuclear  environment.  Based  on  the  assumption  that  LW1R 
systems  will  operate  mainly  at  tangent  altitudes  above  about  110  km,  so  as 
to  avoid  natural  earth- limb  obscuration,  we  have  concentrated  our  efforts 
on  estimating  the  spectral  radiance  induced  by  a  single  megaton-class  high- 
altitude  burst.  The  results  are  based  largely  on  previous  MIlD/chemi  str;. - 
code  calculations  performed  at  MRC.  Included  in  the  study  is  emission  from 
0_  and  NO,  chemiluminescence,  from  N  ,0  formed  by  the  N ,  I  A'"’)'! 1  +0,  *  N,0  +  0 
reaction  and  excited  by  earthshinc  scatter,  from  CO,  vi bra  luminescence ,  from 
uranium  and  fi ss ion- fragment  oxides,  and  from  plasma  in  the  fireball  plume. 

The  extent  to  which  the  radiation  from  each  spec i es  serves  to  degrade  the  ambient 
limb  windows  is  first  determined,  and  the  associated  uncertainties  are  noted, 
file  relative  importance  of  each  species  in  affecting  the  limb-window  regions 
is  then  determined.  This  information  is  used,  in  conjunction  with  the  known 
uncertainties  related  to  the  emission  properties  of  the  species,  to  assign 
priorities  to  the  uncertainties  so  that  the  required  listing  of  recommended 
experiments,  or  other  work,  can  be  established. 

Although  this  report  deals  only  with  the  magnitude  of  the  nuclear- 
induced  limb  radiance,  any  structure  inherent  in  the  emitting  regions  is  of 
potential  importance,  especially  to  scanning  systems.  This  fact  is  implicit 
in  our  ordering  of  the  priorities  that  gives  a  relatively  high  rating  to 
uncertainties  associated  with  emission  from  ionised  species  that  are  likely 
to  he  striated  along  the  earth's  magnetic  field.  This  does  not  necessarily 
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mean  that  spatial  and/or  temporal  structure  in  the  radiation  from  neutral 
species  is  unimportant;  only  that  widespread  structure,  with  scale  sizes 
important  to  systems  (<1  km),  has  yet  to  be  observed  or  theoretically 
proven  to  exist. 

The  most  important  single  source  of  LWIR  radiation  in  a  high- 
altitude  nuclear  environment  appears  to  be  plasma  emission  from  the  fireball 
plume.  In  fact,  for  certain  viewing  aspects,  the  plasma  limb  radiance  can 
completely  dominate  that  from  all  molecular  sources,  at  tangent  altitudes 
above  about  100  km,  for  tens  of  minutes  after  the  burst.  furthermore,  the 
emission  should  be  structured,  due  to  the  striated  nature  of  the  plasma, 
and  the  outage  region  to  systems  may  extend  to  altitudes  of  2000  km  or  more. 
In  the  recommendations  below,  the  only  reason  why  top  priority  is  not  given 
to  experiments  related  to  plasma  radiation  is  our  belief  that  the  uncer¬ 
tainties  associated  with  its  calculation  are  relatively  minor  compared  to 
those  for  certain  of  the  molecular  species  whose  contribution  to  the  limb 
radiance  may  also  be  important,  albeit  to  a  lesser  degree. 

In  tills  report,  as  in  the  earlier  one  dealing  with  the  SWIR 
(Reference  1-1),  we  have  restricted  ourselves  primarily  to  uncertainties 
related  to  the  chemical  and  optical  properties  of  the  disturbed  air.  He 
again  point  out  that  uncertainties  in  the  calculated  emission,  resulting  from 
incomplete  knowledge  of  the  phenomenology  of  nuclear  hurst-air  interactions 
may ,  in  some  cases,  dominate  those  considered  here. 

Specific  recommendations  for  research  items,  independent  of  the 
difficulty  or  feasibility  of  implementing  them,  arc  listed  below  in  order 
of  priority. 

1.  for  the  purpose  of  determining  I.U'IR  excitation  rates  by 
earthshine  scatter,  measure  the  absorption  oscillator 
strengths  (vibrational  f  numbers)  for  the  fundamental  V-R 
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bands  of  UO*,  U0+,  and  selected  fission-fragment  oxide  ions 
from  among  the  group  ZrO+,  LaO+,  SmO+,  NdO+,  Y0+,  CeO+, 

X  X  X  X  X  X 

PrOx  fx=  1,2). 

2.  For  the  purpose  of  determining  LWIR  excitation  rates  by  the 
solar  pumping  mechanism,  measure  the  f  number(s)  for  permitted 
electronic  transitions,  connected  to  the  ground  state  by 
visible  light  absorption,  for  the  same  species  listed  in 

Item  1  above. 

3.  Perform  laboratory  experiments  to  measure  the  quenching  rate 

3 

of  N^(A  E)  by  atomic  oxygen.  This  information  is  needed  for 
a  good  determination  of  the  N^O  build  up  in  a  nuclear 
environment. 

4.  Measure  the  spectral  yield  of  LWIR  photons  from  the  reactions 

NO  +  0(+M)  — -*>  N02(+M) 

NO  +  03  — ►  N02  +  09 

5.  Provided  a  reasonably  inexpensive  method  can  be  found,  perform 
measurements  to  verify  the  theoretical  models  of  bound-bound 
LWIR  emission  from  a  combining  0+/N+  plasma. 

6.  Obtain  laboratory  confirmation  of  the  tentative  rate  coef- 

3 

ficient  for  the  reaction  N2(A  E)  +  02 -*■  N20  +  0. 

7.  Measure  the  wavelengths  for  the  V-R  bands  of  U0+  and  for 
the  fission-fragment  oxide  ions  listed  in  Item  1  above, 
especially  for  SmO*  and  NdO*  (x =  1,2).  This  task  would 
probably  be  accomplished  as  part  of  Item  1  above  although 
the  information  is  necessary  only  if  the  rates  determined  in 
Items  1  and  2  are  significantly  large,  i.e.,  comparable  to, 
or  larger  than,  those  for  A£0. 
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8.  Using  results  of  previous  high-altitude  multiburst  calcula¬ 
tions,  determine  if  burst-induced  0^  chemiluminescence  and 
CO^  vibraluminescence,  at  LWIR  wavelengths,  are  ever 
important  in  a  nuclear  environment  for  limb-viewing  systems 
at  altitudes  above  120  km. 

9.  The  availability  of  spectroscopic  data  permitting,  either 
(a)  calculate  the  sunlight-pumping  rate  for  the  fundamental 
bands  of  N^O  or,  (b)  verify  the  unimportance  of  the  process. 

10.  Perform  sensitivity  calculations  to  determine  the  uncertainty 

3 

in  the  number  of  ^(A  £)  molecules  formed  per  ion  pair 
(following  cascade),  from  electron  bombardment,  by  utilizing 
the  best  current  upper  and  lower  limits  on  excitation  cross 

•Z  ^ 

sections  for  the  relevant  states  of  N  ,  including  A  E,  B  IT, 

3  3  ^ 

C  TT ,  and  W  A.  This  information  is  needed  for  a  better 

assessment  of  the  overall  uncertainty  in  the  N^O  emission 

prediction. 
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APPENDIX  A 

OZONE  CHEMILUMINESCENCE  IN  NUCLEAR  ENVIRONMENT 


The  chemiluminescent  emission  from  ozone  is  based  on  the  following 
considerations.  We  assume  vibrational  excitation  of  by  the  reaction 

^1  + 

0  +  02  +  M  — ^  03t  +  M  ,  (A-l) 

followed  by  radiative  cascade 


0*  03  +  hV(LWIR) 


and  quenching  of  the  excited  by 


(A-2) 


+  ^ 

Oj  +  M  — 03  +  M 


(A-3) 


The  spectral  photon  emission  rate,  dl,/d£,  at  a  wavelength  X 


(micrometers),  is  then 


=  Qn^  k j [0] [02 ] CM]  (photons  cm  3  sec  1  pm  *)  (A-4) 

where  Q  is  a  quenching  factor  and  m  is  the  number  of  photons  emitted 

Ap 

per  micrometer,  at  wavelength  X  ,  per  reaction.  Alternatively,  the 
spectral  volume  emission  rate  can  be  expressed  as 


nx 

1.58X10'20  Q  kjIOHO^KM]  (watts  cm'3  ster'1  pm'1) 
P 

(A-5) 
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The  spectral  intensity  (for  optically  thin  radiation)  is  then  just  the  line 
integral  along  the  sight  path: 


-2  - 1  - 1 
(watts  cm  ster  pm  ) 


sight  path 


The  quenching  factor  is  taken  to  be 


y  ~  aTFImT  •  " 

q 

where  A  is  the  radiative  transition  rate  and  k  the  quenching  rate 
coefficient  for  Reaction  A-5.  For  all  relevant  vibrational  states  of  0^ 
we  have  taken  Q  to  be  the  same  as  that  for  the  (101)  state,  which  is 
obtained  from  Equation  A- 7  by  setting  A=  15  sec  1  (Reference  A-l), 
k  =  2  x  lO-1^  cm'1  sec  1  (Reference  A-2) ,  and  replacing  fM]  by  ([N.,1  +  ( 0 1 ) 
The  nuclear  burst  calculations  were  performed  using  a  rate  coefficient  for 
Reaction  A-l  of  5.5  *  Iff34  (300/T)2,5  cmCl  sec'1. 


The  values  assumed  for  m  arc  shown  in  Figure  A-l.  Thev  arc 

au 

those  used  in  the  WOE  code  (Reference  A- 5)  for  a  temperature  of  500  °k 
and  are  based  largely  on  theoretical  considerations  of  energy  conservation 
augmented  by  very  limited  experimental  data. 


NDID/chemi st ry-code  calculations  have  been  used  to  calculate  the 
limb  radiance  from  0^  chemiluminescence  induced  by  a  megaton-class,  high- 
altitude  burst.  An  example  of  the  results,  for  certain  peak  values  of  the 
spectral  limb  radiance  at  60  sec  after  burst ,  as  functions  of  the  tangent 
altitude  of  the  sight  path,  is  shown  in  Figure  A-2. 
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Figure  A-2.  Calculated  peak  spectral  limb  radiance  from  O3  chemiluminescence 
induced  at  60  sec  after  a  megaton-class  high-altitude  burst. 
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APPENDIX  B 

no2  CHEMILUMINESCENCE  IN  NUCLEAR  ENVIRONMENT 


The  chemiluminescent  emission  from  NO^  is  assumed  to  be  produced 
by  the  reactions 


NO  +  0  +  M 

1 

N°2 

+  M 

(B-l) 

NO  +  0 

k2 

N°2 

+  hv 

(B-2) 

W 

NO  +  03 

k3 

no2 

+  n 

(B-3) 

°2  • 

The  spectral  volume  emission  rate  can  thus  be  written  (by  analogy  with 
Equation  A- 5  for  the  case  of  0^)  as 


1.58  x  10 


-20  _Q 
A 


y 


jnA  (l)k  [N0][0][M]  +  nx  (2) k0 [NO] [0] 

(  y  y 

+  (3)k ^ [NO] [0_] |  (watts  cm  ^  ster  1  ym  ^) 


where  (1),  nx  (2),  nx^(3)  and  k^ ,  k?,  k_,  are  the  photon  efficiencies 
and  rate  constants,  respectively,  for  Reactions  B-l,  B-2,  and  B-3.  It 
turns  out  that  Reactions  B-l  and  B-2  dominate  Reaction  B-3  at  altitudes 
above  about  70  km,  and  Reaction  B-2  dominates  Reaction  B-l  above  about  90  km. 


The  quenching  factor,  Q,  for  all  relevant  vibrational  states  of 
NO.,  is  assumed  equal  to  that  for  the  (101)  state,  which  is  obtained  from 
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-  1  * 

Equation  A- 7  by  setting  A=  128  sec  (References  B- 1 ,  B-2,  B-31 ,  and 
replacing  k  [M]  by  (10~  ^[N,]  +  3  x  lfl” 11  [0,]  t  9.1  x  1  o" 1  “  [0]  j  (Reference  B-41 . 


1. h  x  10 

2.  1  x  10 
in  °K. 


-32 

-12 


Values  adopted  for  the  rate  coefficients 

e;i8,/T  cm6  sec-1,  6.3xlO_I/  (300/T)1'94 

- 1450/T  3-1  .  , 

e  cm  sec  ,  respectively,  where 


k, ,  k_,  and  k„  are 
1,  2  _  a 

enf  sec  ,  and 
T  is  the  temperature 


The  values  assumed  for  the  photon  cfficicncos  are  shown  in  Figure 
B-l.  They  arc  those  used  in  the  WOF.  code  (Reference  A-31  for  a  temperature 
of  300  °K  and  are  based  on  theoretical  considerations  of  energy  conservation. 
Mo  experimental  data  arc  known  to  us. 

The  spectral  radiance  along  a  sight  path  is  determined  from 
Equations  A-6  and  B-4 . 

MHD/chemi stry-code  calculations  have  been  used  to  determine  the 
limb  radiance  from  NO.,  chemiluminescence  induced  by  a  megaton-class  high- 
altitude  burst.  An  example  of  the  results,  for  certain  peak  values  of 
the  spectral  limb  radiance  at  00  sec  after  burst,  as  functions  of  the 
tangent  altitude  of  the  sight  path,  is  shown  in  Figure  B-2. 


*  Sum  of  the  A  values  for  transitions  (101-0001,  (101-0011,  (101-1001. 
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(photons  pm"  reaction 


Figure  B-l.  Assumed  NO?  chemiluminescent  spectrum  from  the 
reactions  NO  +  0(+M) -v  N02(+M)  and  NO  +  O3 NO?  +  O2 
(as  used  by  WOE  code.  Reference  A-3). 
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Figure  B-2.  Calculated  peak  spectral  limb  radiance  from  NO2  chemiluminescence 
induced  at  60  sec  after  a  megaton-class  high-altitude  burst. 


APPENDIX  C 

EARTHSHINE  SCATTER  EXCITATION  OF  NoO  FUNDAMENTAL  BANDS 
IN  A  NUCLEAR  ENVIRONMENT 


In  this  appendix  we  develop  the  values  for  f^  ,  appearing  in 
Equation  3-12,  used  for  determining  the  spectral  intensity  of  earthshine 
scatter  from  N,,0  formed  in  a  nuclear  environment  by  the  reaction  N^(A^E)  + 
°2^N2^+0‘  Also  given  is  an  example  of  the  peak  limb  radiance  calculated 
for  a  time  of  3  sec  following  a  megaton-class,  high-altitude  burst. 


The  quantity  f  ,  the  number  of  photons  emitted  per  molecule  per 
sec  per  micrometer  by  earthshine  scatter  excitation,  can  be  written  as 


(C-l) 


where  4>g  is  the  photon  emission  rate  per  molecule  for  an  entire  V-R  band, 
and  is  a  spectral  shape  factor  that  distributes  the  photons  in  wave¬ 

length  over  the  band.  For  a  molecule  imbedded  in  a  radiation  field  of  energy 
density  py,  4>e  is  given  by  (Reference  C-l,  p.  372) 


ire^f  1 
ol 

mhv  v 


(C-2) 


where  f  is  the  absorption  oscillator  strength,  hv  is  the  photon  energy, 
and  e  and  m  are  the  electron  charge  and  mass,  respectively.  But  is 
related  to  the  intensity,  I  ,  of  the  radiation  field  by 


(C-3) 
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where  the  integral  is  taken  over  all  solid  angles.  However,  since  earth- 
shine  is  only  upwelling  we  have 


P 


v 


(C-4) 


In  terms  of  the  wavelength,  X  ,  in  micrometers,  and  the  earthshinc  intensity, 
e  -2  -1-1 

IX  >  in  watts  cm  ster  pm  ,  Equations  C-2  and  C-4  can  be  combined  to 
yield 


5>e  =  2. 8  x  10'^fo  (photons  molecule  1  sec  (C-5) 

M  p 

or,  alternatively,  in  terms  of  the  integrated  band  absorption  coefficient, 
-  2  - 1 

S  ,  in  units  of  cm  atm  , 

=  1.2  x  10  X3lf  (photons  molecule  *  sec  *)  .  (C-6) 

e  o  p  a 

P 

The  maximum  intensity  of  upwelling  earthshinc  radiation  above 

100-km  altitude  at  the  wavelengths  of  the  Vj ,  v0,  and  v  bands  of  N?0  has 

been  obtained  from  recent  LOWTRAN  5  code  calculations  (Reference  C-2). 

These  results,  together  with  values  for  S  and  X  for  the  three  funda- 

o  ^  p 

mentals  of  N^O,  and  the  calculated  values  for  ^  ,  arc  shown  in  Table  C-l. 


Table  C-l.  Calculated  earthshine  scatter  rate  for  the  three 
fundamentals  of  N^O 


X 

P 

(pm) 

So 

-2  - 1 
(cm  atm  ) 

P 

(watts  cm 
ster'l  pnH) 

^e 

(photons_-j 
molecule  sec"  ) 

V1 

7.8 

268 

cn 

X 

o 

1 

7.7  x  10"3 

v2 

17.0 

37 

2.9  x  10'4 

6. 3  x  10"3 

4.5 

1500 

1.4  x  10-5 

2. 3  x  10"4 
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The  band  shape  factors,  appearing  in  Equation  C-l  for  a 

temperature  of  300  K,  are  shown  in  Figure  C-l.  They  were  obtained  using 
data  from  References  C-3  and  C-4. 

Figure  C-2  shows  the  estimated  column  number  of  N?0  molecules 
along  tangent  paths  at  3  sec  following  a  megaton-class,  high-altitude  burst. 
These  results  are  based  on  the  assumption  of  one  N^(A3Z)  molecule  formed 
per  initial  ion  pair  (except  in  the  dissociated-firebal 1  region)  which 
probably  yields  an  upper-limit  estimate  for  the  No0  concentration  since 
recent  calculations  (Reference  C-S)  give  a  value  of  about  0.4  A-state 
molecules  formed  per  ion  pair  (including  cascade  effects)  for  the  X-ray 
deposition  region.* 

Equation  3-12,  together  with  the  results  shown  in  Table  C-l 
and  Figures  C-l  and  C-2,  were  used  to  calculate  the  peak  spectral  limb 
radiance  as  a  function  ot  tangent  altitude.  The  results,  for  the  three 
N2°  fundamentals,  are  shown  in  Figure  C-3. 


*  For  the  UV-depos i t i on  region,  however,  the  value  calculated  in 
Reference  C- 6  is  approximately  0.6. 
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Figure  C-2.  Estimated  column  number  density  of  N2O  molecules 
tangent  paths  at  3  sec  after  a  megaton-class  higf 
altitude  nuclear  burst. 
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Figure 


C-3.  Estimated  peak  spectral  limb  radiance  in  the  v-j ,  v;>,  and 
V3  bands  of  N2O  excited  by  earthshine  scatter  at  3  sec 
following  a  megaton-class  high-altitude  nuclear  burst. 
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APPENDIX  D 

C02  VIBRALUMINESCENCE  IN  NUCLEAR  ENVIRONMENT 


In  this  appendix  we  describe  the  simple  model  used  to  determine 
the  magnitude  of  CO^  vibraluminescence  above  100  km  in  a  nuclear  environ¬ 
ment,  and  show  estimates  of  the  peak  limb  radiance  at  60  sec  following  a 
megaton-class  high-altitude  burst. 

The  vibrational  transitions  in  C0?  that  give  rise  to  the  bands  of 
interest  here  are  shown  in  Figure  D-l.  Also  shown  is  the  v  =  1  state  of 


Figure  D-l.  Lower  vibrational  level  scheme  for  CO^  and  molecules. 
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that  is  nearly  energy  resonant  with  the  00° 1  state  of  CO^  which  can 
readily  be  excited  by  the  vibrational  transfer  reaction 

kl 

NCI)  +  CO  (00°0)  — —+  N2(0)  +  C02(00°1)  .  CD-I) 

Ki 

N2  is  vibrational ly  excited  directly  by  the  primary  and  secondary  photo¬ 
electrons  following  X-ray  and  UV-energy  deposition  and  also  by  certain 
chemical  reactions.  After  energy  transfer  to  CO  has  occurred,  the  f 00° 1 ) 
state  of  CO?  can  decay  by  radiation  to  the  (00°0) ,  (10°0),  and  (02°0) 
states  with  emission  of  bands  at  4.3,  10.4,  and  9.4  pm,  respectively.  The 
corresponding  transition  probabilities  are  designated  A^,  A^ ,  and  A^ . 
Subsequent  cascade  from  the  (10°0)  and  (02°0)  states  leads  to  radiation 
at  13.8,  16.2  and  15  pm. 


A  quasi  equilibrium  between  excitation  and  deexcitation  is  rapidly- 
established  so  that  the  C02(00°1)  concentration  is  given  by 


k1[C02]CN2(I)] 


rco.(oo°i)]  »  ^  ,  r..~,- 

1  2 v  J  Aj  +  A2  +  A3  +  kj  [N2] 


fp-2) 


where  k^  and  (approximately  equal)  are,  respectively,  the  rate 

coefficients  for  the  forward  and  reverse  Reactions  D-l.  The  volume  emission 
rate,  dl^  -/d£,  integrated  over  the  entire  4.3-pm  band,  is  determined  by 


—  =  3.7  x  lO  21  A1[C02(00°1)]  (watts  cm"'-’  ster'1)  (D-31 


and  the  band  intensity,  is  given  by  the  line  integral 


,  f  (IjLl) 

1.3  J  \  dl  j 


(watts  cm  “  ster 


sight  path 
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The  spectral  intensity,  1^  ,  for  any  wavelength,  A  ,  can  readily 
be  shown  to  be  determined  from  the  equation 


4.3 


y 


n,  i.  , 

Xy  4.3 


,  _  -2  -1  -K 

(watts  cm  stcr  ym  ) 


CD-5) 


where  is  the  number  of  photons  emitted  per  Reaction  D-l  per  micrometer 


at  wavelength  A  . 


Figures  D-2a  and  D-2b  show  values  for  riAy,  adopted  from  the  WOE 
code  (Reference  A- 3),  that  include  contributions  from  the  6  bands  of  CO^ 
mentioned  above.  The  values  are  given  for  temperatures  of  300  °K  and  3000  °K 
although  only  the  300  °K  results  have  been  used  in  this  report.  Collisional 
quenching  of  the  excited  states,  not  included  in  these  results,  is  not  sig¬ 
nificant  at  altitudes  above  about  100  km,  where  our  main  interest  lies. 


MHD/chemistry-code  calculations  were  used  to  calculate  the 
quantity  1^  ^  along  limb  paths  following  a  megaton-class,  high-altitude 
burst.  An  example  of  the  results,  for  a  time  of  60  sec,  is  shown  in 
Figure  D-3.  The  results  in  Figures  D-2  and  D-3  have  been  used  in  Equation 
D-5  to  determine  the  peak  spectral  limb  radiance  at  60  sec  as  a  function  of 
the  tangent  altitude  of  the  sight  path.  The  results  are  shown  in  Figure  0-4. 
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Figure  D-3.  Calculated  limb  radiance  in  4.3-ym  band  from  CO? 

vibraluminescence  at  60  sec  after  a  megaton-class 
high-altitude  burst. 
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Figure  D-4.  Calculated  peak  spectral  limb  radiance  from  CO2 
vibraluminescence  at  60  sec  after  a  megaton-class 
high-altitude  burst. 
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APPENDIX  E 

LWIR  RADIATION  FROM  URANIUM-  AND  FISSION-FRAGMENT  OXIDE 
IONS  IN  A  NUCLEAR  ENVIRONMENT 

In  this  appendix  we  estimate  the  limb  radiance  from  the  funda¬ 
mental  bands  of  oxide  ions  of  uranium  and  certain  fission  fragments  formed 
following  a  megaton-class,  high-altitude  burst  and  excited  by  earthshine 
and  sunlight  scatter.  Although  the  calculation  is  fraught  with  considerable 
uncertainty,  particularly  with  respect  to  the  photon  excitation  rates  of 
the  oxide  ions,  the  results  should  serve  to  point  up  the  potential  importance 
of  these  sources  of  LWIR  radiation  and  the  need  for  additional  experimental 
data. 


The  oxide  ions  specifically  included  are  U0+,  110*,  and  fission- 

+  4- 

fragment  (FF)  oxides  FFO  ,  FFO^  where  FF  includes  the  species  Zr,  La,  Sm, 
Nd,  Y,  Ce,  and  Pr.  The  atomic  ions  for  each  of  these  species  can  react 
rapidly  with  0,,  to  form  oxide  ions,  the  reactions  being  considerably  exo¬ 
thermic.  We  will  use  the  shorthand  MeO^  to  refer  to  these  oxide  ions 
(x=  1,2). 

EXCITATION  AND  RADIANCE  CONSIDERATIONS 


Once  formed,  the  fundamental  vibration-rotation  (V-R)  bands  of 
MeO  can  be  continuously  excited  by  earthshine  scatter  and,  possibly,  by 

X  * 

•  • 

solar  pumping  in  the  daytime.  Let  and  be  the  rates  for  these 

two  processes,  respectively.  The  limb  radiance  (in  the  rectangular-band 
approximation)  can  then  be  expressed  as 


I*  -  1 . S8  v  10  x  A> 


a()^c+^s^  f  +  ,  -2-1-1 

I  [MeO^jdf  (watts  cm  ster  1  pm  )  (F-l) 


M  V 


sight  path 
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where  AX  is  the  effective  bandwidth  of  the  radiation.  At  nighttime, 

•  F  •  •  + 

<J>s  =  0.  The  rates  <J>  and  <J>S  for  MeO^  arc  not  known.  However,  for 

calculational  purposes,  we  will  assume  values  for  them  equal  to  those  for 
A Z0,  which  will  now  he  considered. 


Earthshine  Excitation  Rate  ($e)  for  MO 

0 

<f>c  can  be  determined  from  Equation  C-5.  For  the  fundamental 
band  of  A£0,  S^=  1650  (Reference  E-l),  =  10.4,  and  I^^0.2X  10  ^ 

(Reference  C-2).  Equation  C-5  then  leads  to  the  result 

•  —  |  ~  1 
<Pe(A&0)  =0.2  (photons  molecule  sec  )  (£-21 

Solar  Pumping  Rate  (<j>s)  for  A2.0 


The  mechanism  here  is  one  whereby  a  molecule  in  its  ground  elec¬ 
tronic  and  vibrational  state  is  first  raised  to  an  excited  electronic  state 
by  visible  light  absorption.  Subsequently,  following  radiative  cascade 
back  to  the  ground  electronic  state  with  emission  of  a  visible  photon,  the 
molecule  will  generally  be  left  in  a  vibrat ional ly  excited  state  which  may 
then  be  deexcited  by  the  emission  of  LW1R  photons.  Specifically,  for  A5,0, 
the  process  can  be  described  by  the  sequence 


ASlO(X2Z+;0}  +  hv(«4800A)  — *  A£0(B2£+  ;v' ) 
A£0(X2I+;v”)  — ►  A2,0(X2F,+  ;v" 
which  involves  excitation  of  the  B2£+  state  by 

O 

reemission)  of  4800A  solar  photons. 


— ►  U0(XT.*;v")  +  hvfc  ISiuiA' 
-1)  +  hv (10.4  pm) 
absorption  (and  subsequent 


It  can  be  shown  (Reference  C-l,  p.  582)  that 


=  — 
Ts  me 


|,ifvfx-'-B 


(1-5) 
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where  q  is  the  number  of  IR  photons  emitted  per  visible  photon  absorbed, 

-2  -1  -1 

jTy  is  the  photon  flux  (photons  cm  sec  (Av)  ),  and  f  is  the  f 

_ 2 

number  for  the  electronic  transition.  For  MO.  we  have  f  _ =  3 x  10 

o 

(Reference  E-2),  and  at  4800A  the  solar  flux  is  Jf  f»400.  Thus,  from 
Equation  E-3, 

4>s/n»0.32  .  (E-4) 


A  value  for  q  can  be  determined  in  terms  of  the  Franck-Condon 
factors,  q  ,  „ ,  that  give  the  relative  transition  probabilities  between 
vibrational  states  of  the  upper  and  lower  electronic  states.  To  the  extent 
that  one  allows  only  Av =  1  transitions  to  occur  (i.e.,  ignores  overtone 
emission),  so  that  a  molecule  left  in  the  v"  state  will  emit  (after 
cascade)  v"  fundamental  photons,  then 


n  « 

where  v'  and  v" 
electronic  states, 
from  Reference  E-3* 


v'v" 


(E-5) 


.  2  +  2  + 
are  vibrational  quantum  numbers  of  the  B  E  and  X  E 

respectively.  Equation  E-5,  with  values  for  qv,v„ 

,  yields  11^0,63.  From  Equation  E-4  we  then  obtain 


•  “1—1 
<f>s(MO)  &0.2  (photons  molecule  sec  ) 


(E-6) 


which  is  the  same  as  the  emission  rate  4>  from  earthshine. 

e 


For  each  fundamental  band  of  the  uranium  and  fission-fragment 

•  • 

oxide  ions  there  will  be  a  value  for  <t>  and  for  <p  .  If,  for  example, 
*  i  i  •  i  i 

<t>e  and  <(>s  are  the  values  for  the  ixn  band  of  species  j  ,  whose 


* 


In  some  of  the  older  literature  the  B^E+  state  of  A&0  was  designated 
as  a2E+  . 
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concentration  is  [MeO+] . ,  then,  more  accurately.  Equation  E-l  should  be 

x  j 


written  as 


1^  =  1.58  x  10 

y 


(■ VJ41J )  r 

L  f  [MeO+]  .  c 

i,j  a’-’aa1-1  J.1.  x 1 

y  y  sight  path 


where  AA1^  is  the  bandwidth  of  the  i^  fundamental  of  species  j  and 

X  j  ^ 

A^  is  its  mean  wavelength.  However,  for  simplicity,  and  lack  of  better 

knowledge,  we  will  continue  to  use  Equation  E-l  and  assume  that  0.2  photons 

by  night  and  0.4  photons  by  day,  of  mean  wavelength  11.5  ym,  are  emitted 

per  sec  from  each  UO*  ion,  uniformly  over  a  band  of  width  AAt|  =  2  ym  and, 

from  each  FF0+  ion,  uniformly  over  a  band  of  width  AA  =  4  ym. 
x  JJ 

INITIAL  VERTICAL  DISTRIBUTION  OF  DEBRIS  IONS 


As  explained  in  Section  3,  we  assume  that  the  burst  releases 
7 x  lo  6  U  ions  and  3*  10“^  fission-fragment  ions  (capable  of  forming 
oxide  ions  by  reaction  with  0  )  in  the  downward  hemisphere  with  the  common 

8  _  i  ^ 

velocity  of  2  x  10  cm  sec  .  After  interaction  with  the  air  ions  (by  means 
of  the  earth's  magnetic  field)  these  ions  will  have  lost  a  considerable 
fraction  of  their  initial  kinetic  energy  and  will  be  left  with  a  distribu¬ 
tion  of  velocities.  An  initial  vertical  distribution  of  debris-ion  con¬ 
centration  will  thus  be  established;  the  fastest  moving  ions  being  deposited 
at  the  lowest  altitude  possible;  the  slower  ones,  at  the  higher  altitudes. 
The  actual  initial  vertical  distribution  will  depend  directly  on  their 
velocity  distribution  immediately  following  their  energy  loss  to  the  air 

ions.  Two  different  cases  have  been  considered:  one  where  the  initial 

_■> 

velocity  distribution,  N(v) ,  varies  as  v  and  the  other  where  the  dis¬ 
tribution  is  independent  of  v. 


100 


Case  1  (Distribution  <*  v'^) 


In  this  case  we  have 


N(v)  =  Kv 


(E-8) 


where  the  constant  K  remains  to  be  determined.  To  determine  K,  we  assume 

we  know  both  the  total  kinetic  energy,  of  the  debris  ions  after  the 

debris-air  interaction  has  occurred,  and  also  the  total  number,  N,  of 

debris  ions.  Thus,  if  vq  is  the  initial  (and  maximum)  velocity  of  the 

ions,  and  v  .  the  minimum  velocity, 
mm  3  ’ 


*=  f  =  f  Cv0-vmin) 

V  . 

min 

v° 

N  -  J  N(v) dv  .  «U-  -  f  . 
J  \  min  o  / 


(E -10) 


where  M  is  the  ion  mass.  Equations  E-9  and  E-10  can  be  solved  for  the 

unknowns  K  and  v  .  to  yield  the  result 
min 


v  .  =  fv 

min  o 


( F.  - 1 1 ) 


K  =  Nv  f/(l-f)  ;  (0<  f  <  1) 


CF.-12) 


where  f,  given  by 


f  =  «S 


'/(I  ™vo)  • 


(E-  1 5) 


is  the  fraction  of  the  original  kinetic  energy  that  is  retained  by  the 
debris  ions.  Thus, 


N(v)  =  Nvo  rrn v"2 


fn- 14) 


In  our  calculations,  we  will  consider  cases  where  f=0.1  and  1/S. 
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Case  2  (Distribution  Independent  of  v) 


In  this  case. 


N(v)  =  K1 


(E- 15) 


Proceeding  as  in  Case  1  above,  wc  find 


and 


_  K1M  .  5  3  , 

6  (Vo  Vmin 


N  =  K, (v  -v  .  ) 
o  min7 


(E- 16) 


(E-17) 


It  turns  out  that  a  real  solution 
only  for  values  of  f  2:1/3.  When 


for  K,  and  v  . 

1  min 

f  =  1/3,  we  obtain 


,  with 


v  .  so,  exists 
nun  ' 


v  .  =  0 

mm 


(E- 18) 


N (v)  =  N/vq 


(E-19) 


The  initial  vertical  distribution,  N^fz),  of  the  atomic  debris 
ions  can  be  found  in  these  two  cases  by  considering  the  stopping  altitude, 
z,  in  the  atmosphere  as  a  function  of  particle  velocity,  v.  Specifically, 


N.(z) 


=  N(v) 


dv 

dz 


(E- 20) 


The  relationship  between  v  and  z  for  various  debris  ions  has  been 
reported  in  Reference  E-4  and  is  graphically  illustrated  in  Figure  E-l. 

We  have  used  the  results  in  Figure  E-l  to  determine  v(z)  for  U+  and  A£+ 
ions  (although  the  results  for  A£+  are  not  used  here) ,  assuming  magnetic 
dip  and  pitch  angles  of  75°  and  45°,  respectively.  The  results,  shown  in 
Figure  E-2,  can  be  expressed  analytically  as 


v  exp(aQ+aj 


(cm  sec  *) 


(E-21) 
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column  density  (from  Reference  E-4). 


where  2  is  the  altitude  in  km.  liquations  E-20  and  E-21  then  lead  to  the 
results 


Nv  f  ? 

[NiCz)1case  1  =  JTT)  |a1+2a2z|exp[-Cao+a1z+a2z-)l  (E-22) 

and 

[N .  (z)  ]  „  =  —  la  +2a0zjexp(a  +  a.  z+a-.z2)  (E-23) 

1  1  'case  2  v  1  2  o  1  2 

o  1  1 

-4 

where,  for  uranium,  a  =  30.24,  a  =-0.148,  a  =4x10 

o  1  2 

Figure  E-3  shows  the  Case  1  results  for  f=0.1  and  f  =  1/3. 

The  lowest  altitude  reached  is  105  km,  which  is  attained  by  those  uranium 

8  - 1 

ions  with  the  peak  velocity  of  2 x  10  cm  sec  (see  Figure  E-2).  The 
highest  altitude  of  deposition  occurs  for  those  ions  with  v  =  v  .  =  fv  . 

These  altitudes  are  about  160  km  and  125  km  for  f =  0. 1  and  1/3, 
respectively.  The  peak  in  the  distributions  is  seen  to  occur  at  or  near 
the  top  of  the  layer. 

Figure  E-4  shows  the  Case  2  results  for  f=  1/3.  Since  vmix  =  v0> 

the  lowest  altitude  is  again  105  km.  However,  since  v  .  =0,  there  is 

0  min 

no  maximum  altitude  for  the  distribution  in  Case  2  as  there  is  in  Case  1, 
but  rather  a  monotonic  decrease  in  the  vertical  distribution  with  increasing 
altitude  from  the  peak  at  the  lower  boundary  of  the  layer. 

LATER  VERTICAL  DISTRIBUTION  OF  DEBRIS  IONS 


The  vertical  distributions  shown  in  Figures  E-3  and  E-4  will  be 
altered  in  time  due  to  heave  that  results  from  atmospheric  heating  above 
about  100  km  by  deposition  of  the  air-ion  kinetic  energy.  Specifically, 
if  z.j  is  the  altitude  at  time  t  of  an  air  parcel  that  was  initially  at 
altitude  z,  then  the  vertical  distribution,  N(z^,f).at  time  t  is 


N(Zj ,t) 


N .  ( z) 


(E-24) 
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2N(h)  (particles  km" 


2N( h )  (particles  km’ 


,27 1 


A£  (f = 1/3) 


J)  (f  =  1/3) 


100  110  120  130  140  150  160  170  180  190 

Altitude  (km) 


where 


Figure  E-4.  "Initial  distribution  of  debris  particles  for  case  whe 
N(v)  =  constant  and  v0  =  2  *  108  cm  sec'1 ,  N(U)  =  7  x 10^6, 


N(A£) =  1028,  f =  1/3. 
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Values  for  (dz/dzj)^  have  been  obtained  from  the  Lagrangian  representation 
of  MICIi-code  results,  at  selected  times,  for  the  case  of  a  megaton-class, 
high-altitude  hurst.  These  values,  together  with  liquations  li-22  and  E-23, 
have  been  used  in  liquation  li-24  to  obtain  vertical  distributions  at  later 
times . 


In  partitioning  the  ions  between  atomic  and  oxide  species,  account 
must  be  taken  of  the  fact  that  oxide  ions  will  form  only  in  regions  where 
0,,  is  not  dissociated.  In  fact,  because  of  the  fast  rate  of  oxide  ion 
formation  (see,  for  example.  Reactions  3-17  and  3-18),  and  the  large  dis¬ 
sociation  energies  for  the  ions  (  «=8  eV) ,  we  assume  that  an  atomic  uranium 
or  (appropriate)  fission- fragment  ion  will  form  an  oxide  ion,  and  so  remain, 
if  at  any  time  it  finds  itself  in  a  region  where  0o  is  not  dissociated. 

Such  regions  are  indicated  in  figure  E-5  that  shows  the  MICE-codc  computed 
altitude  of  the  dissociation  boundary,  as  a  function  of  time,  along  vertical 
paths  displaced  by  0,  30,  and  100  km  from  the  burst  point.  Points  above 
the  curves  correspond  to  regions  inside  the  fireball  plume  where  0,  is 
dissociated. 

The  foregoing  considerations  have  been  applied  in  determining  the 
vertical  distributions  of  atomic  uranium  ions  and  uranium  oxide  ions  (assumed 
to  be  mainly  110*)  at  times  of  60,  210,  420,  and  540  sec  after  burst.  The 
results  for  Case  1  (f=0.1)  and  Case  2  (f=  1/3)  are  shown  in  figures  E-6  and 
E-7,  respectively.*  In  Figure  E-6,  we  see  that  at  each  time  there  arc 
essentially  two  layers  formed;  one,  (leaking  at  altitudes  below  about  300  km, 
consists  of  oxide  ions;  the  other,  peaking  at  higher  altitudes,  consists  of 
U+  ions.  At  540  sec  the  debris  is  beginning  to  fall  back  down  and,  by 
compression,  produces  a  narrow,  high  concentration  layer  of  HO*  near  170  km. 

*  The  values  in  Figures  E-6  and  E-7  are  given  in  terms  of  concentrations 
by  assuming  that  the  debris  is  distributed  in  a  cylinder  of  diameter 
equal  to  200  km.  Any  lateral  variation  in  the  concentration  is  un¬ 
important  for  determination  of  the  limb  radiance  since  it  is  only  the 
total  number  of  oxide  ions  in  a  horizontal  column  that  matters. 
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Time  (sec) 


Figure  E-5.  Altitude  of  O2  dissociation  boundary  for  three  radial 
distances,  0,  from  megaton-class  high-altitude 
burst  point. 


Figure  E-6.  Estimated  concentration  profiles  of  U+  and  UO?  at  selected  times 
following  a  megaton-class  high-altitude  burst  (Case  1;  f=0.1). 


Ill 


Figure  H-7,  for  Case  2,  shows  a  generally  similar  behavior  to  that  for 
Case  1,  although  the  concentration  in  the  high-altitude  U+  layer  i  now  less 
than  it  was  in  Case  2,  and  the  peak  in  the  oxide  ion  layer  tends  to  occur 
at  the  lowest  altitude  in  the  layer  (except  at  540  sec  where  again  the 
downward  compression  produces  a  narrow,  high  concentration  layer  near  170  km). 

LIMB-RADIANCE  RESULTS 
Uranium  Oxide  Ions 

Equation  E-l,  together  with  the  results  shown  in  Figures  F-6  and 
E-7,  has  been  used  to  compute  the  limb  radiance  from  uranium  oxide  ions. 

In  so  doing,  we  have  assumed  that  the  radiation  is  emitted  uniformly  over 
the  wavelength  interval  from  10.5  to  12.5  pm.*  The  results  for  Case  1, 
under  nighttime  and  daytime  conditions,  are  shown  in  Figures  E-8  and  E-9, 
respectively.  The  corresponding  results  for  Case  2  arc  shown  in  Figures 
F.-10  and  E- 1 1 . 

From  Figure  E-9  we  see  that  for  Case  1  in  the  day,  at  times  of  60, 
210,  420,  and  540  sec,  the  radiance  exceeds  10  watts  cm  “  ster  1  pm  1 
for  altitudes  to  about  250,  500,  300,  and  200  km,  respect ivc 1 y.  Similarly, 
from  Figure  F.-11  we  see  that,  although  the  radiance  curves  differ  in  detail 
from  those  in  Figure  E-9  for  Case  1,  the  altitude  regions  and  times  for 
which  the  radiance  exceeds  10  ^  are  nearly  the  same  in  both  cases.  From 
this  it  appears  that  the  answer  to  the  question  of  whether  or  not  debris- 
oxide  emission  will  adversely  affect  LWIR  systems,  does  not  depend  critically 
on  the  form  assumed  for  the  velocity  distribution  function  of  the  debris  ions. 

*  The  Vj  .and  v-j  absorption  peaks  of  UOt  have  tentatively  been  identified 
as  occurring  at  12.0  and  11.2  pm,  respectively  (Reference  E-5) .  Rotational 
spreading  of  these  bands  should  provide  emission  approximately  over  the 
indicated  interval,  albeit  not  uniformly. 
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Figure  E-8.  Estimated  nighttime  limb  radiance  from  U0j?  at  selected  times 
following  a  megaton-class  high-altitude  burst  (Case  1;  f=0.1) 


Figure  E-11.  Estimated  daytime  limb  radiance  from  UO2  at  selected  times 

following  a  megaton-class  high-altitude  burst  (Case  2;  f =  1/3) 


Fission-Fragment  Oxide  Ions 


As  indicated  above,  certain  of  the  fission-fragment  ions  behave 

like  11  in  that  they  can  react  with  0o  to  form  stable  oxide  ions.  The  ones 

that  we  have  found,  representing  about  40  percent  of  the  mass  yield  from  the 
■»S5 

tission  of  U“‘ '  ,  are  Zr,  La,  Sm,  Nd,  V,  Ce,  and  Pr.  To  our  knowledge,  the 
wavelengths  of  the  fundamentals  of  their  oxide  ions  are  not  known,  although 
the  band  positions  for  the  neutral  monoxides  are  known  for  all  except  SmO 
and  NdO.  figure  F-1Z  shows  the  approximate  emission  regions  for  four  of  the 
known  bands  of  these  oxides  at  a  temperature  of  1000  °K.  (The  position  of 
the  I’rO  fundamental  is  nearly  the  same  as  that  for  LaO.)  From  this  figure, 
and  for  lack  of  more  definitive  information,  we  assume  that  the  fission- 
fragment  oxide  ions  radiate  uniformly  over  the  spectral  region  from. P.5 
to  15.5  am. 


The  limb  radiance  from  the  fission-fragment  oxide  ions  has  been 
estimated  by  scaling  the  110*  results  (shown  in  Figures  11-8  through  F.-ll), 
allowing  for  the  different  number  of  particles  involved  and  the  different 
assumed  bandwidth.  The  results  are  shown  in  Figures  R-13  through  E-16. 

The  curves  are  similar  to  those  shown  in  Figures  F.-8  through  F.-ll  for  110* 
except  that  the  magnitude  of  the  emission  is  somewhat  lower  because  of  the 
smaller  number  of  fission  fragments  involved  and  the  larger  bandwidth 
assumed  for  the  emission. 

Not  reflected  in  Figures  11-13  to  H-lb  is  the  fact  that,  initially, 
the  lower  boundary  of  the  fission-fragment  layer  will  be  somewhat  higher 
that  that  for  the  uranium  layer  because  the  uranium  ions,  being  heavier, 
can  penetrate  to  lower  altitudes.  However,  allowance  for  this  has  been 
made  in  the  representations  shown  in  Figures  3-9  to  3-13. 
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Figure  E-14.  Estimated  daytime  limb  radiance  from  fissi on-fragment  oxides 
at  selected  times  following  a  megaton-class  high-altitude 
burst  (Case  1;  f =  0.1). 
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Figure  E-16.  Estimated  daytime  limb  radiance  from  fission-fragment  oxides 
at  selected  times  following  a  megaton-class  high-altitude 
burst  (Case  2;  f =  1/3). 
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ATTN:  C.  Balcher 
ATTN:  W.  Roberts 
ATTN:  N.  Stone 
ATTN:  W.  Oran 

NASA 

ATTN:  P.  Kurzhals 
ATTN:  A.  Schardt 
ATTN:  ST-5,  D.  Cauffman 
ATTN:  J.  Haughey 

NASA 

Langley  Research  Center 

ATTN:  MS-168,  C.  Schexnayder 

NASA 

/Vries  Research  Center 

ATTN:  N-245-3,  R.  Whitten 

NASA 

Wallops  Flight  Center 
ATTN:  J.  Gray 

DEPARTMENT  OF  ENERGY  CONTRACTORS 


OFPARTMENT  of  energy 

Department  of  Energy 
ATTN:  OMA 

OTHER  GOVERNMENT  AGENCIES, 

Central  Intelligence  Agency 
ATTN:  OSWR/NED 

Department  of  Conmerce 

National  Bureau  of  Standards 
ATTN:  A.  Phelps 

Department  of  Conmerce 

National  Bureau  of  Standards 

ATTN:  Sec  Ofc  for  M.  Krauss 
ATTN:  Sec  Ofc  for  J.  Devoe 
ATTN:  Sec  Ofc  for  R.  Levine 
ATTN:  Sec  Ofc  for  S.  Abramowitz 


Lawrence  Livermore  National  Laboratory 
ATTN:  L-262 ,  D.  Wuebbles 
ATTN:  L-262,  W.  Duewer 
ATTN:  L-10,  H.  Kruger 
ATTN:  L-71,  J.  Chano 
ATTN:  L-48,  E.  Woodward 
ATTN:  L-325,  G.  Haugan 

Los  Alamos  National  Scientific  Laboratory 
ATTN:  H.  Argo 
ATTN:  G.  Barrasch 
ATTN:  M.  Sandford 
ATTN:  M.  Pongratz 
ATTN:  E.  Jones 
ATTN:  MS  362 
ATTN:  R.  Carlos 
ATTN:  Librarian 
ATTN:  G.  Davis 
ATTN:  R.  Jeffries 
ATTN:  MS  670,  0.  Hopkins 


Department  of  Conmerce 
National  Oceanic  *  Atmospheric  Admin 
3  cy  ATTN:  F.  Fehsenfeld 
3  cy  ATTN:  E.  Ferguson 

Institute  for  Teleconmunlcations  Sciences 
ATTN:  G.  Falcon 
ATTN:  W.  Utlaut 


Sandia  National  Laboratories 
Livermore  National  Laboratory 
ATTN:  T,  Cook 

Sandia  National  Laboratories 

ATTN:  Org  1250,  W.  Brown 
ATTN:  M.  Kramm 
ATTN:  L.  Anderson 
ATTN  3141 
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DEPARTMENT 

OF  DEFENSE  CONTRACTORS 

DEPARTMENT 

OF  DEFENSE  CONTRACTORS  (Cont 

Aero-Chem  Research  Labs,  Inc 

University  of  Colorado 

ATTN 

A.  Fontijn 

ATTN 

G.  Lawrence- LASP 

ATTN 

J.  Pearce-LASP 

Aerodyne  Research,  Inc 

ATTN 

C.  Lineberger-JILA 

ATTN:  F.  Bien 

ATTN 

M.  Camac 

Columbia  University 

ATTN 

H.  Foley 

Aeronautical  Rsch  Assoc  of  Princeton,  Inc 

ATTN 

N.  Pergament 

Columbia  University 

ATTN 

B.  Phelan 

Aerospace  Corp 

ATTN 

J.  Straus 

Concord  Sciences 

ATTN 

I.  Garfunkel 

ATTN 

E.  Sutton 

ATTN 

J.  Reinheimer 

ATTN 

N.  Cohen 

Cornell  University 

ATTN 

H.  Mayer 

ATTN 

M.  Kelly 

ATTN 

T.  Widhoph 

ATTN 

V.  Josephson 

University 

of  Denver 

ATTN:  D.  Murcray 

University  of  Alaska 

ATTN 

J.  Wagner 

University 

of  Denver 

ATTN 

B.  Watkins 

ATTN 

B.  Van  Zyl 

3  cy  ATTN 

N.  Brown 

Environmental  Rsch  Inst  of  Michigan 

AVCO  Everett  Research  Lab,  Inc 

ATTN:  IRIA  Library 

ATTN 

C.  Von  Rosenberg,  Jr 

ATTN 

A830 

General  Electric  Co 

ATTN 

Technical  Library 

ATTN 

M.  Bortner 

ATTN 

F.  Alyea 

Battelle  Memorial  Institute 

ATTN 

P.  Zavitsanos 

ATTN 

H.  Lamuth 

ATTN 

J.  Burns 

ATTN 

R.  Thatcher 

ATTN 

STOIAC 

General  Electric  Co 

ATTN:  R.  Edsall 

Berkeley  Research  Associates,  Inc 

ATTN 

J.  Workman 

Kaman  Tempo 

ATTN 

W.  Knapp 

Boston  College 

ATTN 

V.  Stull 

2  cy  ATTN 

Chairman,  Dept  of  Physics 

ATTN 

B .  Gamb i 1 1 

2  cy  ATTN 

Chairman,  Dept  of  Chemistry 

ATTN 

T.  Stephens 

ATTN 

K.  Schwart 

Boston  College 

ATTN 

J.  Jordano 

ATTN 

E.  Hegblom 

5  cy  ATTN 

DAS  I  AC 

ATTN 

W.  Grieder 

General  Research  Corp 

University 

of  California  at  Riverside 

ATTN 

J.  Ise,  Jr 

ATTN 

J.  Pitts,  Or 

ATTN 

A.  Lloyd 

Institute  for  Defense  Analyses 

ATTN 

H.  Wolfhard 

California 

Institute  of  Technology 

ATTN 

E.  Bauer 

ATTN 

J.  Ajello 

Lockheed  Missiles  8  Space  Co,  Inc 

University 

of  California 

ATTN 

D.  Divis 

ATTN 

W.  Miller 

ATTN 

H.  Johnston 

Lockheed  Missiles  &  Space  Co,  Inc 

ATTN 

H.  Strauss 

ATTN 

R.  Sears 

ATTN 

F.  Mozer 

ATTN 

M.  Walt 

ATTN 

J.  Reagan 

Cal  span  Corp 

ATTN 

J.  Cladis 

ATTN 

W.  Wurster 

ATTN 

J.  Kumer 

ATTN 

C.  Treanor 

ATTN 

B  McCormac 

ATTN 

J.  Grace 

ATTN 

T .  James 

ATTN 

M.  Dunn 
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